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Ca.fi. yOU. Simplify When Thailand legislated that industrial electricity 

the global exchange users had to supply their own substations, the local 
of technology? economy didn’t have the know-how. ABB reacted 

with a swift hands-on transfer of technology. A “Tiger Team” of 
technicians flew in from Scandinavia and Saudi Arabia, to share 
skills and experience with Thai engineers, and handled the first 
project for the Thai Plastic Company. Next, ABB started local 
assembly and manufacture of switchgear, creating a whole new 
local industry. The “Tiger Team” remains involved in information 
exchange, but now the students are teachers too. 

As a leader in electrical engineering for the generation, 
transmission and distribution of power, and in industry and 
transportation, ABB is committed to industrial and ecological 
efficiency worldwide. We transfer know-how across borders with 
ease. But in each country, ABB operations are local and flexible. 
That means we are dose at hand to help our customers respond 
Yes, you can. swiftly and surely to technological challenges which stretch the 

limits of the possible. Like promoting a local economy to the head 


of world class technology. 
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ABB Asea Brown Boveri Ltd, Reader Services Center, P.O. Box 822, CH-8Q21 Zurich 
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The Galileo Mission 

Torrence K Johnson 


This month Jupiter’s turbulent skies wiU flare briefly with the fiery descent of a 
probe dropped from the Galileo spacecraft. For Galileo, arrival at Jupiter marks the 
end of a long, strange odyssey that took it past Venus, asteroids, the moon and the 
earth (twice). Thanks to the ingenuity of NASA scientists, the craft has so far re¬ 
peatedly beaten technical obstacles that could have scrubbed the mission. 
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Cystic Fibrosis 

Michael ]. Welsh and Alan E. Smith 

A salty brow and phlegm-choked lungs are hallmarks of this fatal disease, one of 
the most common genetic disorders. Six years ago biologists isolated the gene that 
causes cystic fibrosis. Follow-up investigations identified a flaw in the ability of 
affected lung cells to transport certain ions. These details point the way to better 
therapies and to the still elusive goal of a permanent cure. 



Science in Pictures 

The Leaning Tower of Pisa 

Paolo Heiniger 


Surprise: it was built crooked. Almost from the start of its construction 800 years 
ago, engineers have tinkered with tills bell tower to keep it upright despite an un¬ 
evenly sinking foundation. Current efforts aim to stabilize the lean. 



Giant Earthquakes of the Pacific Northwest 

Roy D> Hyndman 

Residents of Seattle and Vancouver who feel safely distant from the temblors of 
Los Angeles and San Francisco should think again New studies of the geologic rec¬ 
ord make it clear that the Cascadia region has often experienced massive quakes 
above 8 on the Richter scale. Some of these cataclysms raised tsunamis that 
crossed the Pacific and washed onto the shores of Japan. 



How Breast Milk Protects Newborns 

Jack Nesvman 


A nursing mother passes more than love and nutrients on to her baby: the milk 
also defends against getting sick. Human milk contains a healthful porridge of cells 
and substances that boost and supplement the newborn’s immune system These 
components include a special class of antibodies made by the mother that effec¬ 
tively extend the reach of her own immune responses into the child 
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The Puzzle of Conscious Experience 

David J. Chalmers 


Neuroscience has done much to explain how the brain works, but conscious¬ 
ness—the subjective experience of having a mind—has been less tractable. This 
philosopher offers reasons why and frames a new science of thought. Also: Francis 
Crick and Christof Koch argue for the power of more conventional approaches. 



Confidential Communication on the Internet 

Thomas Beth 


Sending private data over open computer networks is fraught with peril. Almost 
any message might be intercepted or altered, and neither party can be sure of the 
other’s identity. A new cryptographic protocol invented by the author and his col¬ 
leagues, using electronic “passports,” provides welcome security. 



Trends in defense Technology 

Fighting Future Wars 

Gary Stix, staff writer 

Will the next U.S. military engagement be a remote-control firefight? A hacker skir¬ 
mish in cyberspace? Or a peacekeeping assignment against lethal but iow-tech ad¬ 
versaries? A look at how the hardware and strategies affect one another. 


D E PARTMENTS Science and the Citizen 

Danger at sea.... Rebellious kids in utero.... The genetics (and politics) 
of crime.... Sign language.... Digesting global warming.... Uh, where’s 
the outlet?,., Oily federal deals..., Crowning the IgNobiiity. 

The Analytical Economist Indexing inflation* 

Technology and Business Star Wars is back: So what?* ,* The faa 
puts planes in free flight.*** Golfers road test hydrogen cars. 

Profile Martin Gardner, alias Dr. Matrix, the Mathematical Gamester. 
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Letters to the Editors 

Overlooked science.... Creationism in 
disguise.... The irebuchei next door. 



Mathematical Recreations 

Murphy's Law demystified: why 
toast falls butter-side down. 
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50,100 and 150 Years Ago 

1945: Atomic power prediction. 

1895: The Electric Hen* 

1845: Uncountable comets* 

The Amateur Scientist 

Measuring micrometabolism—how fast 
does a beetle breathe? 



Reviews and Commentaries 

The Scientific American Young Readers Book 
Awards,.*. Connections: Springs, steel and W.C.'s. 

Essay: James Boyk 

Some of the most virtuoso piano 

talent never perform onstage. 


97 
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Letter from the Editor 


Y ear's end is the season of gift-giving for much of the world—and 
especially for many of the world's children. Some parents among 
you may be softly hyperventilating at the thought of the miles of 
ribbon and acres of wrapping paper (not to mention the credit-straining 
goods they enfold) in your near future. In the hubbub, it is easy to over¬ 
look the things of more lasting significance w T e confer in very different bi¬ 
ological and intellectual packages. 

Not all these gifts are welcome, nor given wittingly. When parents pass 
along the genes for a Fatal disorder, the results are tragic. Six years ago 
investigators found the mutant gene responsible for cystic fibrosis; since 
then, much has been learned about its effects. The dream is to cure the 
ailment with gene therapy, to rehabilitate the cells whose malfunction 
gives rise to the disease. In the long run, it is conceivable that germ-line 
gene therapies could correct the defect in a heritable way, eliminating the 
disease not only from one individual but from an entire bloodline. 

Frustratingly, gene therapy is simple in theory' but hard in practice. The 
latest dispatches from the pilot clinical trials for cystic fibrosis indicate 
that the current approaches still lack sufficient effectiveness. Few re¬ 
searchers doubt that, eventually, gene 
therapy will succeed, and cystic fibrosis 
patients will be among the beneficiaries. 
Meanwhile parents can confront the 
specter of cystic fibrosis directly in oth¬ 
er w r ays, including genetic testing. In 
“Cystic Fibrosis," beginning on page 36, 
Michael J. Welsh and Alan E. Smith dis¬ 
cuss the prospects and alternatives 
posed by the latest discoveries. 

Not all of a parent's biological legacy 
is genetic. Research on the benefits of 
breast-feeding has shown that human 
milk helps the newborn rebuff invading 
germs while his or her immune system 
matures, “Safe as mother's milk’’ thus 
tippears to be an understatement. Physi¬ 
cian Jack Newman summarizes these 
antimicrobial properties in our cover 
story, starting on page 58. (But the sym¬ 
biosis between mother and child may 
not always be so nurturing. See also page 14 of “Science and the Citizen" 
for a report on findings that suggest fetuses and their moms engage in a 
selfish prenatal contest for nutrients.) 

Culture and learning may be the most important part of what w r e give 
children to shape their minds, in that spirit, Philip and Phylis Morrison 
present the 199S winners of the Scientific American Young Readers Book 
Awards as a handy guide to the cream of recent offerings for science- 
minded children (and their parents). These blessings, at least, can be had 
for a price. Start your wrapping early. 

JOHN RENNIE, Editor in Chief 
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LETTERS TO THE EDITORS 


Global Research 

The solution to the prejudice against 
scientists in developing countries, de¬ 
scribed by W. Wayt Gibbs in “Lost Sci¬ 
ence in the Third World" [Scientific 
American, August], lies with these re¬ 
searchers turning their backs on pub¬ 
lishing in Western journals and writing 
in their native languages and journals. 
Such scientific efforts, if worthwhile, will 
eventually attract mainstream attention. 

SURENDRA KELWALA 

livonia, Mich. 

Discrimination can also take a form 
not mentioned in "Lost Science in the 
Third World/' American scientists work¬ 
ing at the Organization of Tropical Stud¬ 
ies in Costa Rica generally avoid the 
scientific journal of the very country 
where they do their fieldwork, despite 
the journal's international standards, 
excellent distribution in tropical re¬ 
search centers and inclusion in Current 
Contents. They would rather publish in 
newer, less stringent "tropical” journals 
published in the U.S. and England. 

Juiian Monge-Najera 

Editor, Revista de Biologia Tropical 

University of Costa Rica 

I read with great interest Gibbs's 
news story about the “Information 
Have-Nots" [“Science and the Citizen,” 
Scientific American, May] and his 
more extensive follow-up article in Au¬ 
gust. I am constantly throwing out 
journals; this seems like a tragic waste. 
Is there some central location that col¬ 
lects and distributes to needy areas? 

Kenneth r. Kelln er 
University of Florida 

"Lost Science in the Third World” 
makes points based on anecdotal evi¬ 
dence, but these ideas are not wed sup¬ 
ported by statistical data. To use “per¬ 
cent of total articles published per na¬ 
tion" without regard to the size of a 
nation is ail but meaningless. For ex¬ 
ample, when adjusted for population, 
Iceland (given in the table as 0.029 per¬ 
cent) in fact produces as much per capi¬ 
ta as the U.S. (30.817 percent). 

Paul W. Rqseneerger 
Manhattan Beach, Calif. 


Gibbs replies: 

My aim was to illustrate which nations 
are represented most in mainstream 
scientific literature and which are large¬ 
ly invisible, despite having large research 
communities, when viewed through this 
lens. I thus compared the scientific pro¬ 
duction of nations, not their scientific 
productivity. A comparison of produc¬ 
tivity, taking into account not only pop¬ 
ulation but also research spending and 
the number of active scientists in each 
country, would also be interesting. In¬ 
sufficient data are available for such an 
analysis, however. 

For those who would like to donate 
material to scientists in developing 
countries, the International Network for 
the Availability of Science Publications 
(INASP) provides guidelines on how to 
select books and journals to donate 
and will try to locate the program near¬ 
est you. Contact the INASP at P.O. Box 
2564, London W5 1ZD, U.K. You can 
also e-mail them at inasp@grLapc.org 
or fax them at 181-810-9795. 


Neighbors, Beware! 

Inspired by your 
July cover story, “The 
Trebuchet,” by Paul 
E. Chevedden, Les Ei- 
genbrod, Vemard Fo¬ 
ley and Werner Soe- 
del, my son Ernie 
and I built a mode] 
in our garage out of 
two-by-fours. Our 
trebuchet has a five- 
foot lever with the fulcrum one foot 
from the end. The weight is a 50-pound 
bucket of concrete. It can throw a base¬ 
ball or a water balloon 100 feet. 

Doug Esser 
Bothell, Wash 



Creating Science 

“Darwin Denied" ["Science and the 
Citizen,” Scientific American, July], 
Tim Beardsley's excellent review of the 
attempts to place “creation science” in 
public schools, fails to note that the 
guise of “intelligent design” is being re¬ 
placed by the “initial complexity mod¬ 
el.” Thus do “scientific creationists” 
hope to deflect the charge that because 


intelligent design implies the existence 
of a Creator, the notion is religious. If 
creationists have their way, the initial 
complexity model will be taught with 
the “initial primitiveness model,” their 
new name for the theory of evolution. 

John C. Frandsen 
Chair, Committee on Science 

and Public Policy 
Alabama Academy of Science 

Up Close, Too Personal 

The profile of Stephen Jay Gould by 
John Horgan [“Escaping in a Cloud of 
Ink,” “Science and the Citizen," Scien¬ 
tific American, August] is a thorough¬ 
ly unpleasant piece of work. Obviously 
irritated by Gould’s ground rule of not 
wanting to talk about personal matters, 
Horgan forces personal items into the 
whole article. In addition, a snide tone 
replaces an analysis of the quality of the 
science. There is no discussion of how 
Gould’s theory 7 squares with the avail¬ 
able evidence; instead we are treated to 
some pop psychiatry' about Darwin and 
daddy. Perhaps it is a good idea to try 
some other approach to profiles of sci¬ 
entists than as a Godm-aTab-coat But 
what we have here is a mugging. 

Edward R. Tufte 
Yale University 7 


National Anthem 

Peter M. Narins seemed mystified in 
his article “Frog Communication” [Sci¬ 
entific .American, August] when 10 co- 
qui frogs failed to call out after he ex¬ 
ported them from Puerto Rico to Ger¬ 
many for the purpose of measuring 
their calls. As any Puerto Rican will con¬ 
firm, no coqui will sing once removed 
from its native home—a distinction that 
has made the coqui the national sym¬ 
bol of Puerto Rico. 

Steven Huddleston 
San Juan, Puerto Rico 


Letters selected for publication may 
be edited for length and clarity . Unso¬ 
licited manuscripts and correspondence 
will not be returned or acknowledged 
unless accompanied by a stamped, self- 
addressed envelope . 
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50, 100 AND 1 50 YEARS AGO 


DECEMBER 1945 

L ooking upon atomic energy as 
j an addition to the world’s sup¬ 
ply of fuel, the Gas Turbine Coordinat¬ 
ing Committee of the American Society 
of Mechanical Engineers has issued a 
report saying, It is fell that atomic pow¬ 
er certainly will not replace present fu¬ 
els but will supplement them, as oil sup¬ 
plements coal.' The committee looks 
forward to the possibility of pow'er-plant 
units ‘above 200,000 kilowatts, using 
both present fuel and atomic power to 
achieve the greatest efficiency. 111 

“For future reference: Those con¬ 
cerned with the development of avia¬ 
tion—both commercial and private- 
should give serious consideration to the 
development of more sightly airports. 1 ’ 


"A full-size, compact bedroom has 
been constructed to show how plastics 
in home furnishings can be at once 
functional and attractive. Both the dec¬ 
oration and illumination of the room 
come from its walls, a curved sheet of 
Plexiglas which has been engraved and 
painted with a design. Hidden fluores¬ 
cent lamps edge-light the wall, causing 
it to glow radiantly. The chair is a drum 
formed from sheets of acrylic resin. A 
flat strip of acrylic acts as a curtain 
rod for multi-striped polyvinyl 
chloride curtains. More important 
than the ease of installation is that 
these pieces can be wiped clean 
with a damp cloth. 51 


DECEMBER 1895 

P ractical synthesis of carbon and 
hydrogen on a small scale in 
the laboratory has represented one 
of the triumphs of chemistry. The 
commercial production of carbon 
and hydrogen as exemplified by 
acetylene gas formed one of the 
most striking exhibits of the Atlan¬ 
ta Exposition. The gas was shown 
in practical shape, produced from 
a portable evolution apparatus, 
and also as burned directly from 
compression cylinders, in which it 
was stored in liquid form. The gas 
was burned from open burners 
and in different types of car lamps, 
one of its prospective uses being 
the lighting of railroad trains. 11 





“A successful manufacturer of egg 
incubators has recently placed on the 
market an incubator which is heated 
and regulated by electricity. It is said 
that the temperature can be adjusted to 
be held for weeks within a fraction of a 
degree of the desired point. In the ‘Elec¬ 
tric Hen,’ the heat is controlled by a re¬ 
sistance box, the current through which 
can be regulated with extreme nicety.’ 1 

“According to consular reports, the 
existence of asphalt in the Jordan Val¬ 
ley has been ascertained, and it is sup¬ 
posed that petroleum will be found 
also. The opening up of the rich miner¬ 
al resources of the Dead Sea basin is 
considered a very profitable undertak¬ 
ing, for which, however, foreign capital 
will hardly be found, as the legal status 
of property holders in those regions is 
very unsafe.” 

“A simple and inexpensive portable 
fire escape, which may be packed to 
take but Little room in a traveler's trunk 
or bag, is shown in the accompanying 
illustration, it consists of a clamp adapt¬ 
ed to slide upon a rope, to which may 



The new portable fire escape 


be attached body and shoulder 
straps. The damping or friction¬ 
al pressure upon the rope can be 
readily controlled by the person 
using the device. When the escape is 
permanently fixed in houses or facto¬ 
ries, the rope is preferably attached to 
a hinged arm secured at the inside of 
the window,’ 1 


DECEMBER 1845 

T he work of Alexander von Hum¬ 
boldt, Cosmos, now publishing, 
speaks of comets as ‘an innumerable 
host. 1 Ry the rules of probabilities, we 
find they must amount to such myri¬ 
ads as to make the imagination pause 
amazed. Johannes Kepler says there are 
more comets in the depth of space 
than there are fishes in the bosom of 
the ocean.” 

“It is a commonly entertained opin¬ 
ion, with those who have not given par¬ 
ticular attention to the laws of mechan¬ 
ical motion, that the same quantity of 
force and power that w r ould project a 
ball of ten pounds weight with a velod- 
Ty of ten feet per second w r ouid also be 
sufficient to project a five pound ball 
with a velocity of twenty feet per sec¬ 
ond. And on this erroneous opin¬ 
ion, many have based their calcula¬ 
tions with regard to the operation 
of new constructions of machinery, 
and have as often been disappoint¬ 
ed in the results: the fact being that 
double the power is required to 
project the smaller ball with dou¬ 
ble velocity." 

“A patent has been obtained in 
England for a new atmospheric rail¬ 
way, on which the cars are to be 
driven by a blast of wind blown 
through an iron pipe by a station¬ 
ary engine working a bellows at the 
ends of the road. This pipe, extend¬ 
ing the length of the road, has a 
crevice at the top to admit a plate 
w'hich connects the car to the pis¬ 
ton, and this crevice is closed with 
two strips of leather, which is part¬ 
ed by the plate in its passage, and 
dosed immediately after it so as to 
exclude the external air from the 
interior. The proprietors offer to 
ensure the lives of all who travel 
on the road, without extra charge.” 
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The future belongs to 
the discontented. 




Some people are never satisfied. No sooner is something 
done, than theyVe off trying to improve it. 

That's certainly the way at Philips. 

I’m Carolien de Brouwer a designer with Philips Medical 
Systems. 

We believe that our systems should not only play a part 
in healing your body, but also in soothing your mind. 

Our medical equipment is designed to ieave patients 
feeling relaxed, not enclosed or restricted. Smooth contours and soft, friendly 
colours are other improvements that make everyone feel better. 



PHILIPS 


Which makes us very happy. But not for long. 







SCIENCE AND THE CITIZEN 


Tempest on the High Sea 

The Ocean Drilling Program narrowly averts catastrophe 


I n 1985 a remarkable ship—built ini¬ 
tially for oil exploration but con¬ 
verted for scientific research—set 
off on the first leg of an ongoing inves¬ 
tigation of the seabed called the Ocean 
Drilling Program (ODP). For many geol¬ 
ogists , the GDP's sophisticated 470-foot- 
long vessel Resolution represents their 
sole contact with "big science"—it is the 
floating version of the Hubble Space 
Telescope or the Superconducting Su- 


started calmly enough as the Resolution 
left Iceland. On board, four dozen scien¬ 
tists gathered from institutions around 
the world familiarized themselves with 
the floating laboratory and began to es¬ 
tablish a routine. Most of the time, the 
Resolution carries its occupants serene¬ 
ly through what for a smaller research 
vessel would amount to a sizable storm. 
During this particular mission, howev¬ 
er, the scientists had no easy ride—the 



STORM OPERATIONS on the scientific drilling vessel Resolution made past exam¬ 
ples of foul weather (as shown here) seem mundane , 


per Collider. And like these other large- 
scale scientific endeavors, the OOP has 
struggled to maintain its federal fund¬ 
ing. Hence, hearing that the ODP nearly 
ended on the last day of the fiscal year 
might seem no surprise, Put the threat 
this time was not Congress, Rather it 
was an unnamed North Atlantic storm 
that nearly sent the ship and some 120 
passengers to the bottom of the east 
Greenland sea. 

The most recern voyage of the ship 


North Atlantic became rough enough 
to start the large ship rocking. 

To complicate matters, the Resohi- 
f ion had to dodge icebergs floaiing out 
from Greenland’s coastal glaciers. Cap¬ 
tain Edwin G. Oonk had already experi¬ 
enced one near miss when a great ice¬ 
berg veered toward the ship unexpect¬ 
edly; so when the barometer began to 
plummet on the last days of September, 
the captain's choices w f ere few. Separate 
storms were raging to the north and 


east; he dared not drive much farther 
toward them. Yet the iceberg-laden wa¬ 
ters behind him gave no better shelter 
near shore. Oonk initially attempted to 
ride out the growing storms by steam¬ 
ing gently forward into the wind and 
waves* As the barometer continued to 
drop, it became obvious that the usu¬ 
al tactics would not suffice. The two 
storms coalesced, and the winds mount¬ 
ed. Often the gusts became so intense 
that the ship's wind-speed indicator 
pegged at its maximum reading of 100 
knots (115 miles per hour). The storm 
buffeted the ship with waves that were 
70 feet tall yet strangely compact. "They 
were like walls " recounts James F. Al¬ 
lan, the ODP staff scientist on board. 

At times, the main pair of propellers 
w r ould lift entirely out of the water, 
causing them to spin wildly and creat¬ 
ing concerns that the shaft bearings 
w ? ould give out. Riding against the on¬ 
slaught of wind and water proved im¬ 
possible. Yet the waves were so fierce 
that Oonk could not risk letting the ship 
turn: to be struck broadside at that 
point would have capsized the vessel. 
Although massive and typically steady, 
the Resolution is not particularly sea¬ 
worthy: tali racks of steel pipe on deck 
make it top-heavy, the towering derrick 
catches wind like a sail, and a 20-foot 
central hole through w'hich the drill 
pipe passes does nothing to add lo the 
hull's structural integrity. 

As equipment began to break loose 
on deck—floodlights were knocked over, 
ventilation shafts broke open and life¬ 
boats shifted in their fastenings—Oonk 
let the ship slide backw 7 ard, taking ad¬ 
vantage of the Resolution's extraordi¬ 
nary maneuverability* To allow drilling 
into the seabed miles below, the ship is 
outfitted with a secondary propulsion 
system made up of 12 electric thrusters 
arrayed around the hull These massive 
motors can keep the ship in a fixed po¬ 
sition even in changing winds and seas. 
A sophisticated computer senses the 
ship's motion and commands the set 
of motors to keep the vessel where it is, 
a technique called dynamic positioning. 

Normally, the dynamic positioning 
mode of operation is used only for 
drilling. It was not at all clear that in the 
midst of this tempest, with the main 
screws in the stern periodically lurch¬ 
ing out of the w r ater, whether the "DP” 
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system could keep the ship from turn¬ 
ing sideways and capsizing. Fortunate¬ 
ly, the maneuver worked. Running the 
thrusters 20 percent above their rated 
capacity seemed to be enough to keep 
the ship pointed into the waves. Still, the 
Resolution drifted backward at about 
three knots, requiring lookouts to strap 
themselves in under the helicopter deck 
in the stem of the ship to watch that it 
did not overtake an iceberg. 

When Allan arose on the morning of 
September 30, after a fitful attempt to 
sleep, the ship’s operations manager 
Ron Grout informed him that the Reso¬ 
lution was “in danger of sinking." Such 
words are not used lightly at sea. Peo¬ 
ple began to carry' their rubberized sur¬ 
vival outfits with them as they walked 
the corridors, well aware that the “Gum- 
by suits" would probably do little to 
protect them from drowning. 

As the day progressed, thrusters be- 
gan to give out. Suddenly, a giant wave 
crashed over the bow, blasting out a 
window and dousing the bridge with 
several feet of water. Grout immediate¬ 


ly remembered the Ocean Ranger ; a 
drilling platform that sank in the North 
Atlantic when a window to its ballast 
control room gave way. As seawater 
lapped to within an inch of the critical 
rack of computers that operated the 
electric thrusters, a disaster-contra] 
team of 11 people quickly formed to re¬ 
pair the window with plywood and two- 
by-fours. Allan notes that those people 
braved “hideous conditions on the bow 1 ’ 
and could have easily been washed over¬ 
board had a wave broken just then. 

Despite repeated pounding, the wood¬ 
en window patch held, as did the DP 
computers and enough of the remain¬ 
ing thrusters to see the ship through 
another IS hours of horrific seas. With 
radar, floodlights and much of the 
communications gear gone, the Resolu¬ 
tion might still slam into an iceberg— 
but that must have seemed a pleasantly 
manageable worry compared with the 
capsizing the ship had just escaped. 

Lorraine Southey, one of the ODP 
staff members, used her video camera 
to document the ordeal. Initially, she 


feared that others might resent the in¬ 
trusion, but she found that most of her 
shipmates were more comfortable 
speaking to her camera than wrestling 
alone with their thoughts for the two 
days that the storm raged. After the 
seas finally calmed enough so that the 
damaged ship could limp back to port, 
Southey composed a design for a T-shirt 
(as each group of participants does at 
the end of an expedition). Hers showed 
a floating life preserver and read, “East 
Greenland Sea, Force 12+ storm. 100+ 
kt winds. 60+ ft seas. Maxed Out. Sur¬ 
vival is: a good crew," 

In early 1994,1 had sailed with South¬ 
ey on the Resolution. After explaining 
that 1 now worked as an editor and jour¬ 
nalist, 1 asked her about the terrifying 
voyage. Before we parted, she took the 
time to congratulate me on finding such 
an interesting new job. t said I had got¬ 
ten lucky, and she replied offhanded¬ 
ly—not appreciating the relevance of 
her remark—“l think people make their 
own luck.” On her ship, at least, people 
certainly do. —David Schneider 


Field Notes 


Plug and Play 

I magine the frustration. A group of 
high-energy physicists have pain¬ 
stakingly built a sophisticated neutrino 
telescope to help unlock the secrets of 
the universe. After years of research 


ect aims to monitor neutrinos by plac¬ 
ing sensors under nearly five kilome¬ 
ters of Pacific Ocean. The thick blanket 
of seawater provides both the means 
to sense the subtle subatomic particles 
(when the rare neutrino interacts with 
water, it gives off a faint flash of light) 
and a shield from cosmic rays. 

Two years ago the physicists suc¬ 
ceeded in laying an undersea cable be¬ 
tween Hawaii's big island and Kaho'- 
olawe Deep, a carefully chosen site 
25 kilometers offshore and 4,760 
meters down. At that time, they in¬ 
stalled an underwater junction box 
and a single "string" of detectors to 
test out the fundamental design. 
But soon it became dear that the 
physicists would have to reach the 
junction box to replace the test 
string and, later, to install the full 
array of detectors. What was not 
clear was how exactly those deep- 
sea tasks were to be accomplished. 
Because the Department of Ener¬ 
gy, which has been the main funding 
source for the experiment, had no ex¬ 
pertise in underwater operations, the 
DUMAND project relied on the U.S, 
Navy's Submarine Development Croup 
One—a team specializing in finding 
lost military hardware. John G. Lear¬ 
ned, director of DUMAND, explains 
that “SubDevCrpr had originally allo¬ 
cated 60 days every year to doing sci¬ 
ence, and his astrophysical experiment 
benefited from that policy: "They didn't 


charge us for it—it was wonderful." 

DUMAND took advantage of the 
navy's submarine Seadiff and its teth¬ 
ered robot vehicle. But the navy group, 
so good at recovering lost objects, has 
now decided it also needs to recover 
expenses. Getting the undersea vehi¬ 
cles and support ship from their base 
in San Diego to Hawaii is pricey. "It 
costs SI 00,000 to get [them] out here 
and back," Learned laments. 

To obtain more reliable assistance, 
Learned approached the National Sci¬ 
ence Foundation, hoping to use that 
agency's remotely operated undersea 
vehicle JASON {left). But the NSF—al¬ 
ready stretched to satisfy the needs of 
its own investigators—was reluctant to 
donate support to a DOE project, 'There 
is no way that sitting at NSF I could say 
111 start providing ship time to other 
agencies," explains Donald F. Heinrichs 
of the NSF. And according to Learned, 
the doe claims never to have promised 
to pay for ship time. 

Having been so thwarted, Learned 
could justify some bitterness, instead 
he seems understanding of what ensues 
when too many worthy science projects 
chase too few federal dollars—room for 
generosity quickly disappears in the re¬ 
sulting struggle between managers and 
agencies. Learned acknowledges, "I 
have great sympathy for all those poor 
devils in Washington." One wonders 
whether Washington will yet show sym¬ 
pathy for him. —DavidSchneider 



and development, the necessary elec¬ 
tronics have been assembled, and the 
sensitive detectors are ready to go. But 
the scientists are unable to try out their 
marvelous new astrophysical instru¬ 
ment because they cannot figure out 
how to plug it in. 

Strangely, the University of Hawaii's 
Deep Underwater Muon and Neutrino 
Detector (DUMAND) faces just such a 
problem—and the solution is not a mat¬ 
ter of a longer cord. The ambitious proj- 
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A Sign Is Bora 

Language unfolds among deaf Nicaraguan children 



SANTOS, age 9, communicates with a sign language only slightly older than he is. 


L inguists have long Fantasized about 
experiments that might demon- 
J strate just how deeply ingrained 
the human capacity for language is. 
They have wondered, for instance, what 
would happen if one could isolate a 
group of children from any linguistic 
input from adults: Would those children 
form their own language and, if so t how 
rapidly? A remarkable experiment of 
this kind has occurred in the Centra! 


American nation of Nicaragua, where 
more than 500 deaf children have cre¬ 
ated a sign language over the past 16 
years. 

Researchers have never previously had 
an opportunity to observe a language- 
signed or spoken—as it was emerging, 
says Judy Kegl, a linguist at Rutgers Uni¬ 
versity who began studying the Nicara¬ 
guan children in 1985 and has directed 
the research project ever since. "At a 


time when the death of languages is 
being reported at a phenomenal rate,” 
Kegl wrote recently in Signpost, a jour¬ 
nal of sign-language research, "it is ex¬ 
citing to have been present at a birth*" 

The date of conception was 1979, 
when the newly victorious Sandinista 
party instituted an education program 
that extended to deaf children, who had 
been neglected by the educational sys¬ 
tem* By far the largest program for deaf 
children, and the one studied most in¬ 
tensively by Kegl and her fellow lin¬ 
guists, was established in Managua, Nic¬ 
aragua's capital. 

Because congenital forms of deaf¬ 
ness are rare in Nicaragua, most of the 
children had had little or no contact 
I with other deaf persons. They commu- 
J nicated with their hearing families and 
| neighbors through "home signs," which 
usually consisted of a few dozen ges¬ 
tures for common objects or functions; 
these signs were often similar to ges¬ 
tures accompanying spoken language. 

When they began attending the school 
in Managua in the early 1980s, the chil¬ 
dren were put in classes supervised by 
hearing teachers who knew no sign lan¬ 
guage. The children learned writing 
and other skills through imitation* On 
their own initiative, however, they quick¬ 
ly constructed a "pidgin" sign language, 
which came to be called the Lenguaje 
de Signos Nicaraguense, or LSN—a rela- 



JETS OF DEBRIS pinwheeling around the slowly rotating nucleus (lower 
bright spot in right image) of Comet Hale-Bopp may make the object the 
brightest in decades—or might bum it out * (A video clip of the jet forma¬ 
tion can be downloaded from Scientific American on America Online.) 


Great Expectations 

H urtling sunward at 33,800 miles 
(54,000 kilometers) per hour, Comet 
Hale-Bopp is sputtering gas and dribbling 
debris into a pinwheel-sbaped coma more 
voluminous than the sun. The unusual be¬ 
havior, and speculation that it portends a 
spectacle to come, has excited amateur as¬ 
tronomers. "This could be the comet of the 
century," proposes Robert Burnham, editor 
of Astronomy. A recent issue of that maga¬ 
zine promised that by late March 1997, 

Hale-Bopp will blaze with the brilliance of 
Jupiter, extending a grayish-green tail over a 
swath of sky seemingly as wide as your out¬ 
stretched palm. 

Perhaps, It is equally likely that Hale-Bopp 
will fizzle Into a barely visible fuzzball. As it 
approaches the apex of its 1,000-year voy^ 
age from deep space, the comet is glowing exceptionally 
brightly* Comet Austin began similarly in 1989 but ended 
up several magnitudes fainter than expected, notes Daniel 
W. E. Green of the Harvard-Smith son! an Center for Astro¬ 
physics. Whether Hale-Bopp develops a prominent dust 
tail or a much darker (but more common) gas tail also re¬ 
mains to be seen. 

The comet was discovered by two Independent ob¬ 
servers within minutes of each other this past July. Alan 


Hale, a professional astronomer in New Mexico, spotted 
the object during a routine comet scan. Thomas Bopp, a 
shift supervisor for a construction materials company in 
Phoenix, noticed the slowly moving blob while peering 
through a friend’s home-built telescope at a ' star party.” 
Now all the high-powered eyes of the earth's telescopes 
are turned on the two men’s namesake, trying to decide 
whether Haie-Bopp is as giant a comet as it appears or is 
simply burning out early, — W. Wayi Gibbs 
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Lively crude, variable communication 
system, Kegl remarks. 

But as younger children entered the 
schools, they rapidly molded L5N into 
what Kegl calls a truly ‘'rich" language 
with a complex and consistent gram¬ 
mar, now called the Idioma de Signos 
Nicaragiiense (ISN). Users of 1SN have 
techniques for indicating whether nouns 
are subjects or objects, for example, 
and whether the subject of a verb is the 
speaker or some other person or object. 

The experiment provides powerful 
corroboration of a thesis that was first 
put forth in the 1950s by the linguist 
Noam Chomsky of the Massachusetts 
Institute of Technology. Language is an 
innate human trait, Chomsky argues, 
that manifests itself in spite of what 
seems to be insufficient input or "pov¬ 
erty of stimulus." “These kids have been 
exposed to an insufficient model of lan¬ 
guage," remarks Ann Senghas, a cogni¬ 
tive scientist at the University of Roch¬ 
ester's Sign Language Research School 
who initially visited the school in Mana¬ 
gua five years ago, "and yet they have 


created something highly developed." 

Even Chomsky has acknowledged that 
for language to flourish, the exposure of 
children to linguistic stimuli must ex¬ 
ceed some minimal threshold—particu¬ 
larly during the peak learning years be¬ 
fore the age of five. The Nicaraguan ex¬ 
periment bore out this assumption. The 
oldest students, those who are now in 
their early thirties, entered the schools 
in their late teens, before a language had 
fully emerged, and never achieved the 
fluency of those who followed them. 
Children who entered the schools at an 
early age, after their predecessors had 
started shaping ISN, have become by far 
the most fluent signers, Senghas says. 

In recent years, some of these young 
adepts from Managua have begun teach¬ 
ing ISN to students at schools for the 
deaf elsewhere in Nicaragua. Deaf Nica¬ 
raguans of ail ages have also begun us¬ 
ing their brand-new communication 
skills to lobby for more resources from 
the Nicaraguan government and to 
make contact with other deaf commu¬ 
nities around the w r orld, Kegl notes. 


Anti Gravity 




Home, Sweet Home 

J ust the fact that bees try to fly with such unusual 
aerodynamics suggests that they jump to conclu¬ 
sions, Now a study in the Canadian Journal of Zoology 
reveals that at least one aspect of bee behavior seems to be 
controlled by an incredibly simple mechanism, reinforcing 
the idea that bees do indeed rush to judgment. 

The researchers discovered that if bees fly to 
their food, they assume they are away 
from the hive. If they walk to it, they assume they are at 
home. The mode of locomotion is such a strong indicator to 
the bees that travel distance appears not to be a factor in the 
decision. The University of Ottawa group, led by Catherine 
M.S. Plowright, points out that captive bees were already 
known to finish the food in feeders hanging in flight cages 
much faster than food placed in tubes adjacent to their 
combs. As an adaptive behavior, the leisurely attitude about 
closer resources probably keeps bees from wasting time and 
effort moving honey from one part of the comb to another. 

The researchers had thus thought that the distance bees traveled would 
inform their decision to gather more food. The bees, however, turned out to 
be just as nonchalant when forced to walk more than a meter—a decent hike 
for a bee—as when the food was right next door. That casual attitude went 
out the window, as did the bees, when they had to fly: they lingered four 
times longer at feeder tubes flown to rather than walked to, even when the 
distances were identical. “If a food source is walked to, it is treated as being 
within the hive (consumption is low),” the Canadians concluded. "If it is 
flown to, it is treated as being in the field (consumption is high)." 

Admittedly, further studies are needed to nail down whether the bees' cue 
is strictly behavioral or whether the energy requirements of flight over¬ 
whelm those of strolling. In the meantime, the researchers point out that 
greenhouse crop growers should consider coaxing their bees to walk—those 
long, postflight yellow-collar lunches could be at the expense of pushing 
pollen around. —Steve Mirsky 
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Kegl and Senghas and their colleagues 
hope to show precisely how the rela¬ 
tively primitive home signs of individu¬ 
al students evolved into L5N and, later, 
the more sophisticated ISN. Time, and 
the human desire to communicate, is 
working against the researchers* Older 


students who still employ ISN are aban¬ 
doning it as their younger compatriots 
teach them the more versatile signs of 
ISN. “That's a call to us to document 
quickly what the older signers are do¬ 
ing,” Senghas adds, before the proto¬ 
language vanishes. —John Morgan 


Crime and Punishment 

Meeting on genes and behavior 
gets only slightly violent 

P erhaps the most surprising ac¬ 
complishment of the University 
of Maryland’s recent conference 
on research in genetics and criminal 
behavior was that discussion remained 
largely civil. Violence did flare briefly 
when one participant slugged another, 
but left-leaning historians and behav¬ 
ioral geneticists who would never usu¬ 
ally be in the same conference hall, let 
alone on the same panel, were able to 
agree on a few symbolic points. “As a 
dialogue it was a smashing success, but 
it also revealed how intractable the dif¬ 
ferences are," sighs David Wasserman, 
the legal scholar who organized the 
three-day event. 

The conference, initially scheduled for 
1992, had been postponed after Afri¬ 
can-American groups protested, saying 
it countenanced racism. When it took 
place this September, the participation 
by critics of studies linking genes and 
crime had been expanded. Opponents 
of such research—and some of its prac¬ 
titioners—fear that politicians might ex¬ 
ploit genetic findings to develop invol¬ 
untary screening programs that would 
stigmatize and trample the civil rights 
of those identified as prone to crime. 
And while the geneticists emphasized 
their commitment to develop only vol¬ 
untary treatments, historians pointed 
out that many of the abominable ex¬ 
cesses of eugenics have been carried 
out in the name of public health. 

Nevertheless, everyone agreed that 
both genes and a person’s environ¬ 
ment—not one or the other—shape 
body and mind. So studies suggesting 
fieri tability for violent tendencies in 
male whites in Denmark provide no 
reason to think genes explain why rates 
of criminality might differ among races 
or groups in another country. Such data 
also offer no support for the notion that 
attempts to reduce crime by improving 
social environments are doomed to fail¬ 
ure. Indeed, the rapid increase in rates 
of homicide in the U.S. during the 1900s 
and the 1970s amounts to sad proof of 
the importance of environmental ef¬ 
fects: the change was too rapid for any 
conceivable genetic explanation. 

Most participants also agreed that no 
genetic test currently exists that can 
predict criminality in a form useful for 
therapy. Given the crucial role of the 
environment in emotional development 
and the socially constructed nature of 
criminality, prospects for finding genes 
that reliably predict criminal behavior 


Suicide 



■ 15 OH MORE DEATHS PER 100,000 


SOURCE: National Center tor Health ® 11 TO 14 ’ 9 DEATHS PER 100.000 

Statistics, 1979-1992 ■ FEWER THAN 11 DEATHS PER 100,000 

T wo epidemics of suicide have been documented in the U.S. during this 
century. The first occurred between 1902 and 1917, which may reflect 
high rates among recent immigrants, and the second came about in the 
1930s, which was probably a result of high unemployment during the Great 
Depression. Over the past 1 5 years or so, the rates have been remarkably 
steady, with about 30,000 Americans killing themselves every year. Men are 
four times more likely than women to take their own lives, possibly because 
alcoholism, a known risk factor for suicide, is more widespread among men. 

Suicide increases with age. Compared with the rate among teenagers, that 
among those 75 years and older is four times greater—reflecting the stress of 
poor health and diminished prospects. The rate among whites is twice that of 
blacks, which may stem in part from less participation in religion. Compared 
with other countries, the U.S. is in the middle range, with a rate of about 1 1 
suicides per 100,000 people in recent years. 

Lack of family and community support is one of several factors that deter¬ 
mine whether a distressed person actually commits suicide. It is not surpris¬ 
ing, therefore, that the proportion of divorced people follows, in rough fashion, 
the regional pattern depicted by the map, which shows age-adjusted suicide 
rates for white men and women. (The geographical pattern for black people 
is somewhat similar, except that rates are comparatively lower in the South.) 
The patterns of interstate migration—an indicator of limited family and com¬ 
munity support—also basically reflect the incidence of suicide. Areas with 
high suicide rates tend to be areas of low church membership. The regional 
pattern of alcoholism, as measured by deaths from alcohol-related disease, 
also roughly parallels the pattern of suicide. Three other measures-Hinem- 
ployment, foreign birth and availability of guns (as measured by gun murders 
during the same period)—do not correlate well with the pattern of suicide. 

Almost two thirds of men kill themselves with guns, as compared with 40 
percent of women. Poisoning, usually with tranquilizers or some other drug, 
is used by a quarter of all women and by fewer than 10 percent of men. In¬ 
haling carbon monoxide and hanging are also common among women. 

Among whites the lowest rates are in New Jersey, which had an annual av¬ 
erage of only seven suicides per 100,000 between 1979 and 1 992. The state 
with the highest rates is Nevada, at 24. —Rodger Doyle 
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seemed remote to most. Franklin E. 
Zimring of the University of California 
at Berkeley elicited nods of approval 
when he said that “American crime is 
too normal and its genesis too socially 
determined for it ever to become a big 
part of the genetics business.” 

Yet despite the common ground, con¬ 
flicts persist. Statistical links between 
violence and genes will likely be found, 
argued David Goldman, a neurogeneti¬ 
cist at the National Institute on Alcohol 
Abuse and Alcoholism. Research into 
illnesses such as manic-depression and 
alcoholism means that “we are going to 
make discoveries fortuitously, 1 ’ Gold¬ 
man maintains, “There will not be a 
gene for violence or crime, but alleles 
that are found will influence them." 
Goldman listed several genetic factors 
that he says are incontrovertibly linked 
to violent behavior. The gene that caus¬ 
es Lesch-Nyhan syndrome, which often 
involves self-mutilation, is one. Anoth¬ 
er is a variant gene for the thyroid hor¬ 
mone receptor, which can lead to at¬ 
tention-deficit hyperactivity disorder. 

Although numerous claims of links 
between genetic markers and manic-de¬ 
pression and alcoholism have been re¬ 


tracted in recent years, Goldman pre¬ 
dicted that advances in technology will 
clarify how specific genes can Influence 
behavior. “I think we can rationally use, 
and not misuse, this information, 1 ’ Gold¬ 
man says, 

Goldman's stance is unlikely to mol¬ 
lify those who fear the worst. "Any in¬ 
vestigation into the effects of genes on 
social behavior is invalid,” declared Wil¬ 
liam Sachs, a physician who participat¬ 
ed in the conference but allied himself 
with demonstrators who briefly dis¬ 
rupted proceedings. Others see genetic 
research as an excuse for society to 
avoid caring for its most disadvantaged 
members. Several participants signed a 
declaration that stated, in part, "The 
emphasis on a genetic basis for crime 
scapegoats those who are most hard- 
hit by current economic conditions." 

Several geneticists expressed them¬ 
selves as anxious as anyone to see an 
improvement in the lot of the worst-off. 
But society has different priorities, as 
Diana Fishbein, a Department of jus¬ 
tice official, noted. The fastest-growing 
budget item in the fight against crime 
is not education or drug treatment, but 
prisons. —Tim Beardsley 
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WHY GO 
THROUGH 
HELL TO GET 
TO ASIA? 


You May Already Be a Wiener 

The Ig Nobel Prizes surprise again 


O n October 6 in greater Boston, 
two perennial tragedies played 
themselves out. At Fenway Park, 
the Red Sox lost to Cleveland, making 
it 77 years in a row without a World 
Championship. At Harvard University, 
the fifth First Annual Ig Nobel Prizes 
were announced. 

The Igs, as they are fondly called by 
those who do not win them, are award¬ 
ed to “individuals whose achievements 
cannot or should not he reproduced," 
according to the sponsors, among them 
the Annals of Improbable Research i. 
Some 500 people who couldn't find a 
date on a Friday night watched the cer¬ 


emony at Harvard's Lowell Lecture Hall, 
joined by five actual, honest-to-good- 
ness Nobel laureates, who awarded the 
Igs: Sheldon Glashow (physics, 1979), 
Dudley Herschbach (chemistry, 1986), 
Joseph Murray (physiology or medicine, 
1990), Richard Roberts (physiology or 
medicine, 1993) and William Lipscomb 
(chemistry, 1976). Lipscomb doubled 
as a member of the orchestra, revealing 
considerable ability as a clarinetist. “I 
can get a relief from the way my brain 
always works on science,” he said of his 
playing—a description that may also 
explain his annual presence at the Igs. 

This year's theme was DNA, or “de- 
oxyribowhatever,” as a 
slide informed the audi¬ 
ence. Twelve-year-old 
Kate Eppers, allegedly 
the spokesperson for 
Kids for DNA, delivered 
a position statement, “My 
favorite singer is Mari ah 
Carey," she explained. 
“She's really, really beau¬ 
tiful and a really good 
singer. If it weren't for 
DNA, she'd be a fish or 
something. So that's why 
1 think DNA is great." 
The first Ig of the eve- 
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ning, the Nutrition prize, went to John 
Martinez of J. Martinez & Company for 
the creation of Luak Coffee—the most 
expensive in the world—made from 
beans ingested and excreted by the 
luak, a bobcatlike native of Indonesia. 
Martinez accepted with a poem, the last 
stanza of which read, “Luak, luak, after 
you've gorged/A new taste sensation 
though has been forged/We're all gath¬ 
ered here, this is the scoop/We're drink¬ 
ing coffee made from your poop." The 
Nobelists sampled the brew, which 
Herschbach promptly spit into a handy 
ice bucket. 

The Medicine Ig went lo the research¬ 
ers who published “The Effects of Uni¬ 
lateral Forced Nostril Breathing on Cog¬ 
nition" in the International Journal of 
Neuroscience . This decision forced the 
awarding committee to fall back on the 
Literature prize for the authors of an 
article in the journal Surgery entitled 
“Rectal Foreign Bodies: Case Reports 


and a Comprehensive Review of the 
World's literature." The items physi¬ 
cians documented removing from vari¬ 
ous patients included a magazine, the 
identity of which this reporter was too 
apprehensive to attempt to discover. 

A Japanese research team won the 
Psychology Ig for turning pigeons into 
art students. Their paper, “Pigeons' 
Discrimination of Paintings by Monet 
and Picasso/ 5 appeared in the Journal of 
the Experimental Analysis of Behavior. 
No word yet on whether the birds can 
distinguish between Monet and Manet. 

Along with the awarding of Igs, the 
ceremony featured the Heisenberg Cer¬ 
tainty Lectures, named for the Heisen¬ 
berg uncertainty principle, which de¬ 
scribes limitations of knowledge about 
position and velocity of elementary par¬ 
ticles. Because quantum mecha n ics on 
the macroscopic level collapses to auto 
mechanics, the hosts of National Public 
Radio's popular "Car Talk,” Tom and 


Ray Magliozzi, also known as Click and 
Clack, gave a Heisenberg: “Is it possible 
for two people who don’t know what 
they’re talking about to know less than 
one person who doesn’t?” 

Nobelist Roberts apparently regard¬ 
ed that question as a challenge. “I have 
an amazing discovery about certain 
DNA, cDNA, which is made by copying 
RNA," he said in his allotted half-min¬ 
ute. “Now, RNA contains four bases: A, 
C, G and U. If C stands for certain, then 
U must be uncertairL Since base pairing 
says that C is opposite G, then G must 
be uncertain, too. Thus, in RNA, both G 
and U are uncertain. With all this uncer¬ 
tainty about RNA, no wonder DNA de¬ 
cided to become the genetic material. 11 

Last year’s Entomology winner, Rob¬ 
ert Lopez, who proved that cats' ear 
mites could attack human ears by ex¬ 
perimenting on himself, delivered the 
keynote address: "Dare to Be Bold." Lo¬ 
pez tried to quell fears about American 


About Face 

A ccurately re-creating a three-dimensional face from the 
subtle shading in a photograph has long challenged 
computer scientists. Their algorithms, it now seems, were 
too general—aspiring to describe the moon's surface as 
well, or rather as poorly, as the human head. But by recog¬ 
nizing the fact that head shapes are astonishingly regular, 
Joseph J. Atick, Paul A. Griffin and A. Norman Redlich of 
the Rockefeller University have found a quick means of re¬ 
producing the unique contours of a person's face from a 
snapshot. 

The discovery may revolutionize the treatment of burn 
victims. Clear plastic masks, fitted over a patient's face to 
control the formation of scar tissue, end up determining 
his or her appearance. Currently the masks are made by 
taking a painful plaster cast of the burnt face. The Rocke¬ 
feller technique will instead allow the masks to be con¬ 
structed from a photograph taken prior to the burn, by 
generating the three-dimensional face. Scientists at the 
Computerized Anthropometric Research and Design 
(CARD) Laboratory at the Wright-Patterson Air Force Base 
are working to develop such masks. 

The insight that led to this breakthrough may be even 
more informative. Any human face is a combination of a 
few dozen primary shapes," Atick maintains. The re¬ 
searchers analyzed 347 three-dimensional scans of heads 
of air force pilots—mostly white men—taken at the CARD 
lab. From 200 of these, they derived an average, adult 
white male head shape—dubbed the mean head (top row, 
far left )—and a set of 200 standardized variations from 
that shape, the eigenheads (1 5 of which are shown in con¬ 
secutive rows). The latter are so called because they are ei¬ 
genfunctions, solutions to a set of linear equations that of¬ 
fer the most economical way to store information. The ei¬ 
genheads thus vastly simplify the derivation of a full face 
from the shading in a picture, a problem that would other¬ 
wise involve an infinite number of variables. Each of the 
remaining 147 heads in the database was reproduced to 
within 1 percent by combining the mean head with no 
more than 40 eigenheads. 



The eigenheads may be more than a mathematical aid. 
The inferior temporal cortex has “face cells," neurons that 
fire selectively when a human visage is presented. Why 
certain cells respond to a given face is not known. But 
brains have a penchant for eigenfunctions: color, for ex¬ 
ample, is analyzed via the blends of red, green and blue 
that form eigencotors. Our brains may also have figured 
out that head shapes are best coded as eigenheads. “Each 
cell might fire In response to a particular eigenhead, 11 Atick 
suggests—giving humans their incredible capacity to rec¬ 
ognize individual faces. —Madhusree Mukerjee 
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Experience 


Conscious Experience 

A major collection of new essays (ed. Thomas Metzinger), 
including Peter Bieri, David Chalmers, Patricia Churchland, 
Daniel Dennett, Joseph Levine, William Lycan, Colin 
McGinn, Norton Nelkin, Diana Raffman, Georges Rey, 
David Rosenthal, Robert Van Gulick. Kathy Wilkes. 
Includes a comprehensive bibliography on consciousness 
research 1970-95. 544 pp., $24 (£16) (pbk.), $39 (£26) 
(hbk.)+post. Expanded German language edn., Bewufitsein , 
also from Schoningh-Verlag, 792 pp. (pbk.)„ $48 + post 

Journal of Consciousness Studies 

JCS is a refereed journal for the general reader, bringing 
together psychologists, neuroscientists, philosophers, com¬ 
puter scientists — in fact anyone with a serious interest in 
consciousness studies. The current volume includes a fiery 
exchange between Patricia Churchland and Roger Penrose 
on quantum theory and mind, and a special issue including 
David Chalmers 1 essay on the “hard problem 11 of conscious 
experience along with replies from six authors. Quarterly. 
Annual subscriptions: $25 (£15) (individ.), $48 (£28) (inst) 

“ There is no other journal quite like it, and one day we 
shall, 1 think, look back to its appearance as a defining 
moment... and, at the price, it's a snip!” Jeffrey Gray, 
Nature, Review of new journals, 21 Sept 1995 


Toward a Science of Consciousness II 

Tucson, AZ f April 8-13 1996 . This exciting conference 
features some 50 plenary speakers including Ned Block, Colin 
Blakemore, David Chalmers, Patricia & Paul Churchland, 
Antonio Damasio, Daniel Dennett Stuart Hameroff, Danny 
Hillis, LA. Hobson, Christof Koch, Rodolfo Llin&s, Michael 
Lockwood, Roger Penrose, V.S. Ramaehandran, Daniel 
Schacter, Alwyn Scott, Roger Shepard, John Searle, Petra 
Stoerig, Francisco Varela. Andrew Weil, Lawrence Weiskrantz 

Tucson Online TIMES HIGHER IuppilEMENT 

Electronic www-based coverage of the Tucson conference 
will be provided by The Times Higher Education Supplement. 
This will include full abstracts and links to presented papers 
as well as coverage of the live debate as it unfolds. Details 
will be posted on THESIS at http://thesis.newsiriLCQ.uk 

Toward a Science of Consciousness - 
The First Tucson Discussions and Debates 

Eds. S.R. Hameroff, A. Kaszniak & A.C. Scott, MIT Press, 
April 1996, 875 pp., 147 iilus., $65 (hbk). Sections include 
philosophy, cognitive science, medicine, neuroscience, 
biology, neural networks, quantum theory, non-locality, 
hierarchical organization, phenomenology. The 55 authors 
include Chalmers, Flanagan, Galin, Kihlstrom, Koch, Libet, 
Penrose, Pribram, Schwartz, Stoerig, Taylor, Weil and Wolf 
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health care. “Don't worry about germs 
and bugs, 1 ' he said. "If your time ain't 
come, not even a doctor can kill you,” 
The final lg, for Chemistry, went to 
designer Rijan Pakzad for DNA Cologne 
and DNA Perfume, neither of which con¬ 
tains any DNA and both of w r hicb come 
in triple-helix-shaped bottles. James 
Watson commented on Lape, saying thaL 
Francis Crick, codiscovcrcr of the struc¬ 
ture of DNA, always said that an idea 
was good if it smelled right. “The dou¬ 
ble helix smelt right," Watson noted. “I 
have to ask now, Would the double he¬ 
lix have received a better reception if 
on the manuscript we sent off we had 
sprayed DNA Perfume? I don't think 
so. My feeling is, if you want to succeed 
in science, don’t smell.” — Steve Mirsky 


And Those Other Ig Winners Are... 

ECONOMICS Awarded jointly to Nick Leeson and his superiors at Barings 
Bank and to Robert Citron of Orange County, California, for using the calculus 
of derivatives to prove that every financial institution has its limits. 

PEACE The Taiwan National Parliament, for demonstrating that politicians 
gain more by punching, kicking and gouging one another than by waging 
war against other nations. 

PUBLIC HEALTH Martha Kold Bakkevig of Sintef Unimed in Trondheim, 
Norway, and Ruth Nielson of the Technical University of Denmark, for their 
study “Impact of Wet Underwear on Thermoregulatory Responses and Ther¬ 
mal Comfort in the Cold," published in Ergonomics. 

PHYSICS D.M.R, Ceorget, R. Parker and A. C. Smith of the Institute of Food 
Research in Norwich, England, for their report “A Study of the Effects of Water 
Content on the Compaction Behaviour of Breakfast Cereal Flakes," published 
i n Po wde r Tech noiog y. —Mervin Stykes 


The Struggle Within 

Conflict between fetus and mother may trouble pregnancy 


L eave it to an evolutionary biologist 
to spoil one of the few symbols of 
J harmony left in this sordid world: 
the pregnant woman. Far from exempli¬ 
fying symbiosis, cooperation and other 
virtues, a pregnancy entails the same 
conflicts and compromises that charac¬ 
terize the rest of human affairs. 

That is the view set forth over t he past 
three years in the Quarterly Review of 
Biology and elsewhere by David Haig of 
Harvard University. Haig compares the 
relationship between fetus and mother 
to that between baseball players and 
team owners; although their interac¬ 
tions are generally cooperative, each 
side may occasionally pursue its own 
interests so aggressively that both are 
damaged. Problems in pregnancy, Haig 
says, are “the equivalent of a protract¬ 
ed baseball strike," 

Haig’s theory, which he concedes 
needs to be supported by em¬ 
pirical tests, builds on a con¬ 
cept advanced in 1974 by 
Robert L. Trivers of Rutgers 
University. Because parents 
and children share only half 
of one another's genes, 

Trivers argued, their genetic 
interests are at least partially 
divergent. Each child thus 
strives to monopolize the par¬ 
ents’ “resources' 1 —primarily 
food and affection—at the ex¬ 
pense of his or her siblings 
and even of the parents. 

Haig believes that what Triv¬ 
ers called parent-offspring ri¬ 
valry may begin at conception. 

The fetus’s “goal" is to be born 
as healthy as possible, even if 
its pursuit of that goal dimin¬ 


ishes the fitness of the mother or of 
other siblings, Haig explains. He points 
out that human pregnancy evolved well 
before the modern era—in which food 
is abundant and hospitals can save 
even extremely lightweight infants. For 
a baby bom to a tribe of hunter-gather¬ 
ers, Haig contends, a birth weight 
slighLly higher than average might have 
conferred a considerable advantage. 

Natural selection may have designed 
the fetus and its enveloping placenta to 
extract as many nutrients as possible 
from the mother—within certain limits. 
The fetus's strategy will obviously back¬ 
fire if it endangers the mother's health 
or if it becomes too large to pass 
through the birth canal. Before those 
limits are reached, I laig maintains, the 
fetus may garner enough nutrients to 
maximize its prospects for survival 
while diminishing the mother's ability 


to reproduce again or to nurture chil¬ 
dren already in her care. 

The fetus manipulates the mother’s 
physiology in several ways, Haig says. 
For instance, the placenta releases hor¬ 
mones, such as placental lactogen, that 
boost the mother's blood glucose levels 
after she cats. In response, the mother 
can produce more insulin, which lowers 
sugar levels. Haig suspects that gesta¬ 
tional diabetes, which occurs in rough¬ 
ly 3 percent of all pregnancies, may stem 
from the mother’s inability to counter¬ 
act her fetus’s hormone production. 
(Most obstetricians blame the disorder 
on overeating or genetic factors without 
pointing to an underlying cause.) 

Haig offers a similar explanation for 
the rise in blood pressure observed in 
most women during pregnancy. 'The fe¬ 
tus, Haig speculates, may secrete sub¬ 
stances into the mother's blood in or¬ 
der to increase the flow of blood and 
nutrients through the placenta. As a 
consequence, about one in 10 women 
acquires hypertension; in rare cases, 
the pregnancy results in pre¬ 
eclampsia, a disorder that can 
lead to stroke, heart attack 
and death. Haig adds that de¬ 
spite the risks of hyperten¬ 
sion to both mother and child, 
several investigations—notably 
one done in England in 1980 
invoKing 9,182 women—have 
found a correlation between 
hypertension and low infant 
mortality rates. In other words, 
the fetal strategy 7 is paying off. 

This hypothetical dLrama is 
further complicated by the role 
of the father, whose genetic 
interests, again, diverge from 
those of the mother. Conflict 
between parental genes, Haig 
suggests, may have contribut¬ 
ed to the emergence of the 



PREGNANCY may entail disorders f such as diabetes, stem¬ 
ming from tension between fetal and maternal genes. 
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WJ7: SAAB 9J. 


Our first car was so much a 
product of the future it’s been 
hard work staying ahead. 



conventional 


With its combination of front-wheel 
drive and aerodynamic design, our 
first car - the Saab 92 - immediately 
defined a unique place for Saab 
among car manufacturers. It began a 
tradition of innovation that's given 
us a lot of pride and not a little anxi¬ 
ety, But so fan we've managed to 
stay ahead. The most recent innova¬ 
tion is the Saab Sensonic dutch less 
gearshift, an invention that combines 
the joy of a manual shift with the 
comfort of an automatic. Plus the 
award-winning Saab Ecopowen 
a new generation of turbo engines 
that improves performance while it 
reduces emissions. (lt T s yet another 
new benchmark to beat.) 














puzzling phenomenon of genetic im¬ 
printing. Geneticists once thought that 
it made no difference whether genes 
were transmitted to a child from the 
mother or the father. But researchers 
have found that genes in sperm cells or 
maternal eggs are occasionally altered, 
or imprinted, before they are passed 
on in such a way that their expression 
in the fetus is affected. 

A form of genetic imprinting ob¬ 
served in mice, Haig says, reveals a pos¬ 
sible link between imprinting and con¬ 
flict between parental interests. Mice 
often possess a gene that, when activat¬ 
ed, makes embryos grow faster by pro¬ 
ducing copious amounts of insulinlike 
growth factor 0 (IGF 0). Mice in which 
the gene for IGF II has been expressed 
are 40 percent larger at birth than 
those in which it is not expressed. The 
gene is expressed if it comes from the 


father, but if it comes from the mother 
it remains dormant, m which case the 
pups are born small hut healthy. 

Yet another gene in mice counteracts 
the effects of the gene for IGF fl, The 
gene produces a protein that acceler¬ 
ates the degradation of IGF n and 
thereby slows down the embryo’s 
weight gain. This gene is expressed in a 
fetus only if it is passed on by the 
mother. Haig expects research on hu¬ 
mans will turn up similar imprinting 
phenomena. 

Perhaps Haig's most intriguing pro¬ 
posal is that the imprinting of paternal 
genes may be affected by the duration 
of the relationship between the father 
and mother. If the relationship is brief, 
Haig observes, chances are that any 
other children borne by the woman will 
bear the genes of another man. The 
longer the relationship has lasted, the 


more likely it is that future children 
borne by the woman will also bear the 
father’s genes. In this case, the father’s 
interests may be best served if a fetus 
bearing his genes pursues a less ag¬ 
gressive nutrient-hoarding strategy. 

If this view is correct, Haig asserts, 
then hormones released in the male 
during a long-term relationship may de¬ 
activate genes in his sperm that would 
cause a fetus to pursue intensive nutri¬ 
ent-extraction strategies. As far-fetched 
as this scenario may sound, Haig says, 
there is evidence to support it. French 
researchers recently reported in the 
Lancet that they had found an inverse 
correlation between the length of a sex¬ 
ual relationship and pregnancy-induced 
hypertension. Although mainstream ob¬ 
stetricians remain skeptical about Haig’s 
theory, he hopes further research will 
convince doubters. — John Morgan 


Buy High, Sell Low 

Congress tries to get cash out of a faulty oil reservoir 


W hen the bombs began falling 
on Iraq early on the morning 
of January 16,1991, the coun¬ 
try controlled 10 percent of the world's 
oil production. Oil prices responded by 
edging downward. After ail, there was 
plenty of excess capacity- in nearby Sau¬ 
di Arabia. 

Oh, yes, there was one more thing. 
The U.S. government announced that it 
would sell, for the firsi lime ever, oil 
from its strategic petroleum reserve 
(SFR), Some 34 million barrels of crude 
were offered, but there was so little wor¬ 
ry by this time that only about a third 
of it was actually purchased. Five years 
after that brief and not quite shining 
moment, the SPR is enmeshed in bu¬ 
reaucratic and political controversy. 

Conceived at the height of the oil em¬ 
bargo in 1973, the SPR is a collection of 


underground reservoirs that store a to¬ 
tal of 590 million barrels. The main pur¬ 
pose of the reserve is to keep oil prices 
from skyrocketing in the event of an¬ 
other crisis. The U.S. consumes about 
14 million barrels of crude oil a day, of 
which about half must be imported. 

The current controversy stems from 
the discovery, in 1992, that water is leak¬ 
ing into one of the SPR’s reservoirs, at 
Weeks Island in Louisiana. Concerned 
that the water might eventually push oil 
out into the surrounding marsh, the 
U.S. Department of Energy began in Oc¬ 
tober to drain the 70 million barrels at 
Weeks Island and to transfer them by 
pipeline to two other sites. 

To pay for the move, which is expect¬ 
ed to cost about $105 million, the doe 
said it would sell seven million barrels 
of the Weeks Island crude at the going 
rate—about $15 a 
barre I. Appa rently 
some members of 
Congress then be¬ 
gan to see the SPR 
in a whole ncw r light. 
The Senate Budget 
Committee pro¬ 
posed selling all of 
the oil, to raise mon¬ 
ey for the U.5. Trea¬ 
sury. En September 
the Senate Energy 
Committee recom¬ 
mended selling 38 
million barrels to 
cover a shortfall that 
opened up in the 
doe budget. 


“They all somehow got the notion it’s 
a cash cow, and they can sell it off any 
time they need money,’ 1 fumes Con¬ 
gressman W. ]. (BiUy) Tauzin of Louisi¬ 
ana. Tauzin notes that Lhe oil to be sold 
at $ 15 a barrel was purchased by the 
doe for much more. It cost roughly $29 
a barrel, according to a doe spokesper¬ 
son. With the effects of inflation and the 
expenses of facilities and labor figured 
in, the total amount spent by the doe 
on the oil per barrel shoots up to S56. 

Nevertheless, some observers argue 
that the price of maintaining the oil 
each year—about $200 million, the doe 
reckons—is a loss that should be cut 
now. “We’re using a very expensive 
weapon to accommodate a relatively 
minor problem," says William L. Fisher, 
a geologist and petroleum expert at the 
University of Texas at Austin. 

Of course, the mother of all oil crises 
could be but a few years away. Robert 
A, Speir, a senior policy analyst at the 
doe, notes that a 1990 U.S, government 
interagency study found that a major, 
worldwide oil disruption lasting six 
months could set the U.S. back $100 bil¬ 
lion in escalated oil prices. 

Around Weeks Island, meanwhile, en¬ 
vironmentalists fear a much different 
kind of disaster. After the oil is drained 
from the reservoir there, which is actu¬ 
ally a former salt mine, the empty cav¬ 
ern is to be filled with brine, in theory, 
the brine's high salinity will keep it from 
dissolving, weakening and cracking the 
salt-lined walls of the shafts. But if fis¬ 
sures do develop, for example, after the 
oil has been removed but before the 
brine is pumped in, they could release 
the relatively high salinity brine and oil 
residues into a nearby marshy ecosys¬ 
tem that now r supports crab, shrimp 



PIPELINE at Weeks Island in Louisiana will be used to trans¬ 
fer 70 million barrels of crude oil 
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and other fisheries. “They f doe officials 1 
don’t seem to be willing to step forward 
and accept liability for the long-term 
monitoring of the site,” complains Wil¬ 
ma Subra, a chemist and environmental 
consultant in New Iberia, La. 

Richard D, Furiga, doe deputy assis¬ 


tant secretary' in charge of the strategic 
petroleum reserve, says the department 
expects to have the brine-filled mine 
“certified as being stable and environ¬ 
mentally sound. We are complying, and 
will comply, with state laws governing 
things like this,” —Gkrm Zorpette 


Some Like It Hot 

Thriving tunicates may help clear the air of excess C0 2 


H ow quickly will the world warm? 
The question is as difficult as Lt 
is important. To come up with 
an accurate answer, scientists have to 
figure out how the myriad intertwined 
cycles that regulate the earth's life and 
climate are reacting Lo increasing 
amounts of carbon dioxide and other 
greenhouse gases that humans are re¬ 
leasing into the atmosphere. One ma¬ 
jor source of uncertainty is a “missing 
sink”: undiscovered dead ends in the 
carbon cycle that researchers estimate 
pull roughly two billion tons of carbon 
(plus or minus about two billion tons) 
out of circulation every year. 

Scientists searching for the sink have 
focused mainly on forests and other 
plant life on land that inhale carbon di¬ 
oxide. But recem reports from marine 
biologists at Rhodes University in .South 
Africa suggest that gelatinous, tube)ike 
animals called salps may also be re¬ 
sponsible for a poriion of the missing 
carbon. If the complex and dynamic 
ecosystem in which salps liv e is any in¬ 
dication, predicting how oceanic life 
will respond to rising temperature and 
carbon dioxide levels will be a tricky 
task indeed. 

Evgeny A. Pakhomov and Renzo Per- 
issinotto have been observing snips in 
the waters below the 30th southern par¬ 
allel, where the Atlantic, Pacific and In¬ 
dian oceans merge into a region around 


Antarctica known as the Southern 
Ocean. During the past 40 years, Peris- 
sinotto says, “the Southern Ocean’s tem¬ 
perature has increased an average of 
2 to 2,5 degrees.” Salps, which thrive in 



SAJ.PS like global warming—but may 
help slow its effects. 


wanner waters, have blossomed, replac¬ 
ing krill as the dominant form of zoo¬ 
plankton in the area. “There was a four¬ 
fold increase in salp biomass between 
1980 and 1990, according to convinc¬ 
ing data from Soviet researchers,” Peris- 
sinotto adds. “We found in our voyage 
this past |austral| summer that salps 
have continued to spread much further 
south than before.” 

These zooplankton are important for 
what they eat—and excrete. Salps rise 
to the surface to graze all day on phyto¬ 


plankton, tiny plant particles that draw 
carbon dioxide from the air for their 
photosynthesis. Al night, the salps re¬ 
turn to the depths as much as a kilome¬ 
ter below. There they dump the refuse 
of a day’s work: fecal pellets that, Feris- 
sinotto describes enthusiastically, “are 
very' rich in carbon and aie very com¬ 
pact and fast-sinking. In fact, the pel¬ 
lets can sink at a speed of up to 2.7 
kilometers per day!” 

"What this means,” explains Christo¬ 
pher D. McQuaid, director of the South¬ 
ern Ocean Group at Rhodes, “is that 
where there are salps, the efficiency of 
the transfer of carbon from the atmo¬ 
sphere to the deep sediments—what we 
call the biological pump—is improved 
dramatically.” Once buried on the sea¬ 
floor, the carbon is out of the system 
for millennia. Because salps seem to 
proliferate as water temperatures rise, 
the biologists think they may provide a 
kind of feedback mechanism “So basi¬ 
cally,” McQuaid says, “it might work like 
this: more CO^, more warming, more 
salps; more efficient carbon transfer, 
less C0 2 * less warming.” 

Reality' may well be more complicat¬ 
ed than that simple hypothesis. "Salps 
are ideal grazers for removing carbon 
from I he atmosphere,” says Laurence P. 
Madin of the Woods l Iole Oceanograph¬ 
ic Institution. “The question is whether 
there are enough of them. My experi¬ 
ence sampling much of the Atlantic is 
that there are large areas where salps 
are present but not very abundant." 

Moreover, the Rhodes researchers 
have observed that too much of a good 
tiling can be lethal to salps. When phy¬ 
toplankton in the water gets unusually 
dense—a condition that might be more 
frequent as C0 2 levels rise—the mucus 
net that a salp uses to strain plants from 
the water can clog the animal’s diges¬ 
tive tract. “We’ve seen ihe salps starve 
to death literally because they are in 


Puzzling with Martin Gardner 


F or solutions to problems compiled by the gamester, 
please turn to the “Profile" on page 27. 

1. Reversed Trousers 

Each end of a 1 0-foot length of rope is tied securely to a man’s an¬ 
kles. Without cutting or untying the rope, is it possible to remove his 
trousers, turn them inside out on the rope and put them back on cor¬ 
rectly? Party guests should try to answer this confusing topological 
question before initiating any empirical tests. 

2. Crazy Cut 

This one looks much easier than it is. 

You are to make one cut (or draw one 
line)—of course, it needn’t be straight— 
that will divide the figure into two Iden¬ 
tical parts. 



3 . Out with the On ton 

Arrange four paper matches on a table 
as shown in the top right figure. They rep¬ 
resent a martini glass. A match head goes 
inside to indicate the onion of a Gibson 
cocktail. The puzzle is to move just two 
matches so that the glass is re-formed, but 
the onion—which must stay where it is— 
winds up outside the glass. At the finish, 
the glass may be turned to the left or the 
right, or even be upside down, but it must 
be exactly the same shape as before. The 
middle right figure is not a solution, be¬ 
cause the onion is still inside. The bottom 
figure doesn’t work, because three match¬ 
es have been moved. 
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the midst of plenty,” McQuaid says. 

The biologists note that it will take 
much more research to determine with 
any accuracy how this ecosystem will 
respond to—or affect—rising C0 2 and 
w r atcr temperatures. Of course, there 


may be hundreds of other cycles* bio¬ 
logical and chemical, that will have 
greater impact. Perhaps the most perti- 
nent question about global warming is; 
Can we expect an answer in time to do 
anything about it? — W. Wayt Gibbs 



THE ANALYTICAL ECONOMIST 


The Confusing Price Index 


A fter more than a decade of single- 

/V minded focus on battling infla- 
A. jl tion, the industrial world’s cen¬ 
tral bankers—particularly in the U.S.— 
have throttled back average annual 
price increases from 10 percent a year 
to less than three. The cost in jobs and 
economic growth has been painful* and 
now policymakers are arguing whether 
achieving zero inflation is really a good 
idea. Complicating their debates is the 
oh-so-minor technicality that widely 
used statistical tools such as the con¬ 
sumer price index (CPI) probably aren't 
accurate enough to determine whether 
prices have stopped rising. 

The CPI measures how much more (or 
less) it costs to buy a particular “market 
basket” of goods today* as compared 
with previous times. Surveyors for the 
U.S. Bureau of Labor Statistics (bls) 
sample prices every month. If everyone 
in the country bought the same prod¬ 
ucts (from toilet paper to insurance) in 
the same proportions* that would be 
fine. They don’t. As a result* the CPI is 
subtly skewed, explains Stephen G. Cec- 
chetti of Ohio State University. 

Although the bls has managed to 
compensate for some of these distor¬ 
tions, the adjustments it makes intro¬ 
duce errors, Cecchetti and his collabo¬ 
rator Michael F* Bry an of the Cleveland 
Federal Reserv e Bank found* for exam¬ 
ple* that inflation "rises” between Jan¬ 
uary' and April because adjustments 
intended to smooth out well-known 
jumps—such as new car prices in the 
fall and clothing in the spring—don’t 
always succeed. 

The two have developed techniques 
for correcting this flaw, but a multitude 
of other, less tractable problems remain. 
Substitution bias, for instance* arises 
when people change their purchase hab¬ 
its in response to shifting prices: if beef 
goes up, buy chicken; if fresh vegetables 
are too expensive, buy frozen. Econo¬ 
mists such as Michael J. Bos kin of Stan¬ 
ford University say the CPI overstates 
inflation because it ignores tactics con¬ 
sumers can use to soften the impact of 


local price hikes. 

Bos kin chaired a congressional com¬ 
mission that studied the CPI; he and Ms 
colleagues pointed out that the fixed 
"market basket” approach has trouble 
accounting for new or improved prod¬ 
ucts. Persona] computers, for instance, 
are so much mure powerful today that 
it might be impossible to buy a machine 
that performs as slowly as one built 10 
years ago. The introduction of high-tech 
products* such as microwave ovens or 
VCRs* also muddies inflation measure¬ 
ments; How does one compare overall 
welfare now to that of an era when 
such gadgets did not exist? 

On the other hand* some other quali¬ 
tative changes may cause the CPI to un¬ 
derstate the amount of money needed 
to maintain living standards. As Boskin 
notes* if crime forces people to spend 
more on burglar alarms, they may con¬ 
sider themselves less well off even if the 
price of security equipment is falling. 

Such arguments may appear increas¬ 
ingly arcane, but the amount of money 
at stake is substantial. Social Security, 
taxes and a host of other government 
payments and levies are all indexed to 
account for inflation. Every percentage 
point by which the CPI increases will 
add $ 140 billion a year to the deficit by 
2005* forecasters say. Cecchetti is one 
of those who would not be averse to 
lopping a point off the index before us¬ 
ing it to adjust government taxes. 

A more principled approach to the 
issue would involve rethinking the CPI 
so that it more accurately reflects the 
quantity that policymakers want to 
measure. Although many economists 
(including Cecchetti) have developed 
alternative inflation measures that seem 
to do a more unbiased job* Congress is 
slashing the bls's budget. The bureau 
will be hard-pressed to maintain its 
statistics, much less introduce new 
ones, laments James Stock of Harv ard 
University. Indeed* if cutbacks continue* 
estimates of any future inaccuracies in 
the CPI will be difficult to come by* he 
says, —Paul Wallich 
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intercon ti nen ta l bal 1 i stie- mi ssi le (1CBM) 
attack to building short-range missile 
defense systems such as the Patriot, fa¬ 
mous for its slid disputed performance 
in the Persian Gulf War. Such so-called 
theater missile defenses, designed to 
protect troops and civilians in overseas 
conflicts, commanded the largest share 
of the BMDO budget, which President 
hill Clinton reduced to about $3 billion 
a year. Although Star Wars never went 
away—hundreds of millions of dollars 


TECHNOLOGY AND BUSINESS 


The GOP Strikes Back 

More Star Wars to come 

I n 1983, when Ronald Reagan un¬ 
veiled his vision of a U.S, protected 
from Soviet nuclear missiles by 
high-tech defensive weaponry, filmmak¬ 
er George Lucas brought to the screen 
the third episode of the most famous 
movie series ever—Star Wars. Reagan's 
defense system and Lucas's films were 
forever linked by the same name, and 
now both are coming back. 

Lucas recently announced plans to re¬ 
sume the film series, but Star Wars has 
made the most dramatic comeback 
in Washington, D.C., thanks to Newt 
Gingrich, The House Speaker’s “Con¬ 
tract with America” made the de¬ 
fense of the US. from missile attack 
a central tenet of its legislative plat¬ 
form, and so far the Republican-led 
Congress has succeeded in putting 
the taxpayers’ money where its 
mouth is by pouring funds into mis¬ 
sile defense budgets. ”1 think the 
single biggest turnaround in Clinton 
administration defense policy is go¬ 
ing to be missile defense because of 
what we’ve done in Congress," says 
Representative Curt Weldon of Penn¬ 
sylvania, a pugnacious Republican 
who has led his party's fight in the 
House of Representatives. 

Weldon is also leading another 
fight, to get rid of the Star Wars la¬ 
bel. He says it is anachronistic and 
misleading, the product of a "liber¬ 
al” media kept alive by Democrats 
who believe spending billions of dol¬ 
lars on homeland defense is not war¬ 
ranted by any realistic threat to the U.S, 
Hut the name sticks* Look up “Star Wars” 
in the dictionary, and you're not likely 
to find any mention of the wildly popu¬ 
lar film series. Webster's defines it as “a 
weapons research program, begun by 
the US. in 1984, to develop high-tech 
methods of attacking missiles launched 
from Earth or space; called Strategic 
Defense Initiative (SDI)*” 

SDI has since become the Ballistic Mis¬ 
sile Defense Organization (BMDO), re¬ 
named by the Clinton administration to 
reflect a change in priorities spawned 
by the collapse of the Soviet Union and 
with it the cold war’s nuclear guarantee. 
When George Bush left the White House 
in early 1993, SDI seemed relegated to 
history as the new Pentagon shifted its 
focus away from Reagan’s idea of a 
system to protect the entire US* from 



MISSILE DEFENSE is being resurrectedl 

were still earmarked for research on 
national missile defense—Reagan’s vi¬ 
sion of a space- and ground-based um¬ 
brella defense was fading from public 
consciousness* 

That held until the Republican Party 
took over Capitol Hill. Many Republi¬ 
cans (and a few Democrats) have joined 
forces to double the administration’s 
requested funding for national missile 
defense to $750 million in 1996. They 
have also added money for the develop¬ 
ment of more far-flung weapons, such 
as space-based lasers. (At the Lime of 
wTiting, the fate of the defense spend¬ 
ing bills was unclear.) 

But by and large, the current Star 
Wars program has nothing to do with 
stars—and only a little to do with space* 
The idea is to station about 20 ground- 
based interceptor missiles in North Da¬ 


kota, w here Pentagon planners believe 
the army, with the help of satellite sen¬ 
sors, will be able to shoot down some 
ICBMs and protect most of the conti¬ 
nental US. Later, if thorny arms-control 
questions can be ironed out with Rus¬ 
sia and the other successors to the So¬ 
viet Union, more sites could be added. 

More than 10 years after Reagan first 
made Star Wars part of the national vo¬ 
cabulary, however, questions linger 
about the feasibility of intercepting in¬ 
coming warheads with missiles. “De¬ 
spite the billions of dollars spent on 
missile defense for nearly four decades, 
the main technical barriers to develop¬ 
ing a capable system remain,” wrote a 
group of prominent scientists, includ¬ 
ing two Nobel Prize winners and veter¬ 
ans of ihe Manhattan Project, to law¬ 
makers this summer. 

Patriot, the best-known missile 
defense system, did not actually hit 
many of Saddam Hussein's unso¬ 
phisticated Scud missiles during the 
Gulf War; some say it intercepted 
none. No other defense system has 
reached serious testing phases, and 
little national missile defense exper¬ 
imentation has been undertaken. 
Yet many experts contend that if a 
nation like North Korea wanted to, 
it could quickly develop or buy the 
technology and know-how lo launch 
a long-range missile at the U.S. with¬ 
in a few years. And it is a fact that 
the U.S. currently has no means of 
disabling or otherwise destroying 
such missiles—and will not for sev¬ 
eral years, at least. 

The question is, would North Ko¬ 
rea or any other country risk the 
consequences? Weldon and other 
supporters of bolstering national 
defense efforts say the possibility of 
a missile attack by a terrorist nation 
or an accidental launch of a former 
Soviet JCBM is enough to warrant devel¬ 
oping a robust system. Kurt Gottfried, 
professor of physics at Cornell Univer¬ 
sity. believes otherwise. “It's such a 
crazy idea, that some small nation is 
going to commit suicide by launching a 
few ICBMs at the U.5.," he says. 

Representative Patricia Schrocder of 
Colorado, a Democrat who preceded 
Weldon as chair of the House mill tan 
research and technology subcommit¬ 
tee, agrees* She says that the GOP push 
to rejuvenate Star Wars does not reflect 
an accurate reading of the threat but 
amounts instead to misplaced hero 
worship, “This is a tribute to Ronald 
Reagan,” she says with a laugh, "And I 
think, couldn't we just gel him a li¬ 
brary? Didn't we already get him a li¬ 
brary? It's billions of dollars, for heav¬ 
en' s sake. ” — Da n ieI Dupo nt 
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Free-for-AU Flights 

The faa plans a revolution in air-traffic control 


T his past year the Federal Aviation 
Administration (faa) has taken 
the first bold steps down a road 
that it hopes will lead to the biggest 
change in air-traffic con¬ 
trol since the introduc¬ 
tion of radar. Since Janu¬ 
ary, the agency has been 
allowing airplanes cruis¬ 
ing at high altitudes on 
long flights to break out 
of the interstate airways 
to which jets are normally 
restricted and to fly what¬ 
ever path their pilots de¬ 
sire toward their destina¬ 
tion. in October control¬ 
lers were to extend that 
freedom to all airplanes 
flying at 29,000 feet and 
higher—more than 20,000 
flights a day. 

The change is just one 
of many that the faa 
wants to make as it moves 
aw r ay from active air-traf¬ 
fic control toward a more 
passive role in a system 
known as free flight. Faced 
with increasing conges¬ 
tion—the agency expects 
domestic air travel to double over the 
next 12 years— faa administrator Da¬ 
vid R. Hinson has decided that the best 
way to boost airspace capacity is to let 


aircraft fly die route, altitude and speed 
they wish. Government “air-traffic man¬ 
agers” would step in for only as long as 
they are needed to prevent collisions, 


airport delays and flight over protected 
areas. 

The tricky part, of course, is knowing 
when to intervene. Juggling thousands 


of crisscrossing jets is difficult enough 
when they are strung like beads along a 
web of preset trajectories. To keep less 
predictable free-flying airplanes sepa¬ 
rated, controllers will rely on a com¬ 
plex computer system that integrates 
several advanced technologies. 

Aircraft will pinpoint their current 
location with the US. mili¬ 
tary's Global Positioning 
System, a set of satellites 
whose precise signals al¬ 
low more accurate naviga¬ 
tion than the radio bea¬ 
cons used today. That po¬ 
sition information, along 
with airplanes' speed and 
intended flight paths, will 
be beamed over new digi¬ 
tal communications links 
to tracking stations on the 
ground. These technolo¬ 
gies are relatively mature 
and well understood. 

The final piece of the 
system—a computer pro¬ 
gram that assembles the 
data from hundreds of air¬ 
craft and warns control¬ 
lers about potential col¬ 
lisions— will not be so 
straightforward. Every 10 
seconds or so, this so- 
called conflict probe and 
resolution software will 
have to predict where all the aircraft in 
its sector will fly during the next 10 to 
20 minutes, taking into account the lat¬ 
est flight plan, wind and weather data. 
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"i CONFLICT PROBF” software running at Denver International Air - 
port can warn controllers of potential collisions. These screens f shot 
during a live test , show converging Federal Express and Air Shuttle 
planes (flagged in yellow at left); the red A r, s indicate that they will 
pass too closely in 12 minutes . A controller redirected the Air Shut¬ 
tle to increase the airplanes' separation (shown in bottom screen). 



F or decades, computer graphics has been defined by 
the pursuit of realism. Almost to a person, researchers 
have tweaked and tuned 3-D model Tenderers—the pro¬ 
grams that create images out of the mathematical equa¬ 
tions describing the shapes in a scene—so as to produce 
views that are indistinguishable from photographs. As a 
result, the state of the art in 3-D software, as reflected by 
Jurassic Park animals and shape-shifting Terminators, has 
little to do with art at all. 

That could change if a more expressive rendering pro¬ 
gram built by Simon Schofield of the University of Cam¬ 
bridge catches on, Schofield's Piranesi system, named af¬ 
ter the 1 Stb-century master draughtsman Giovanni Battis¬ 


ta Piranesi, turns conventional 3-D models into painterly 
images in a wide range of styles. Whereas conventional 
software might render a model of Cambridge's new history 
building to simulate reality (left), Piranesi can generate an 
architect-style sketch (center). With different brush, ink and 
media settings, the software can produce highly stylized 
scenes (right) with minima! human assistance. 

Schofield, himself a painter turned computer program¬ 
mer, suggests that one day certain kinds of art may be ful¬ 
ly automated. He predicts that future generations of the 
Piranesi system, supplied with semantic details about a 
scene, might even be able to create truly artistic images 
that express new levels of meaning. — W. Wayt Gibbs 
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When it detects aircraft headed for trou¬ 
ble, it must suggest course corrections 
to the controller. And the program will 
have to exchange data constantly about 
the airplanes it is watching with similar 
programs running at nearby airports 
and in adjacent regions. Developing 
such software is “a huge systems prob¬ 
lem* that represents “a high technical 
risk/’ says Herbert Schlickenmaier, a 
flight systems manager at the National 
Aeronautics and Space Administration. 


Yet a special free-flight task force set 
up by the faa (and of which Schlicken- 
maier is a member) recommended “ac¬ 
celerated implementation of conflict 
probe" in a draft report released in Feb¬ 
ruary. The committee suggested that 
the as yet unwritten software could al¬ 
low jets flying between mainland U,S. 
and Hawaii to follow one another as 
closely as 15 nautical miles by January 
1997. They currently must remain 50 
nautical miles apart. The report strong¬ 


ly urged the faa to initiate free flight 
"no later than the year 2000.” The faa 
was to set target dates in November, 
faa officials “are under tremendous 
pressure from the industry and espe¬ 
cially from somewhat libertarian pilots 
who are pushing in an almost evange¬ 
listic way for free flight," observes Heinz 
Erzberger, a senior scientist at the nasa 
Ames Research Center. Erzberger led 
the development of the Descent Advis¬ 
er, a conflict probe and resolution sys- 


Nice Legs 


T he machine tools that shape the gears and engine 
blocks of a Honda Accord greatly resemble the ones 
that formed the metal parts on a Model T Ford. A cutting 
or finishing head moves along a vertical or horizontal 
guideway to shape the parts. These tooling heads can 
sometimes be tilted at an angle. 

This prosaic world has started to change. A few U.S. and 
European machine-tool manufacturers have introduced 
prototypes of a device that has a name derived from ento¬ 
mological, rather than engineering, jargon. These six¬ 
legged contraptions, which their makers call hexapods, 
permit a tool to approach a part flexibly from various an¬ 
gles, as if it were a giant insect proboscis (below). The 
technology, unlike most other machine tools, allows free¬ 
dom of movement in three linear dimensions as well as in 
three rotational axes (yaw, pitch and roll). In late Septem¬ 
ber the National Institute of Standards and Technology 
(NIST) announced the beginnings of a research program to 
investigate the technology’s potential to move a tool faster 
and more accurately than conventional machine tools. 

In the version of the hexapod purchased by NIST, three 


pairs of legs, or struts, extend down from the underside of 
an eight-sided support frame. The cylindrical struts con¬ 
verge to hold a small platform to which the cutting or fin¬ 
ishing tool is attached. Computer software directs some 
struts to shorten and others to lengthen until the tool is 
positioned properly over a part. 

The hexapod is a close cousin of a flight simulator in 
which aircraft movement is replicated using struts that 
contract and extend to move an ersatz cockpit. Although a 
machine tool with this design has been contemplated for 
decades, it took personal-computing technology to pro¬ 
vide an inexpensive means of performing the complex cal¬ 
culations of a tool's position in free space. 

Higher accuracy and speed may result from the dynam¬ 
ics of this odd-looking machine. The cantilevered beams 
and columns on a conventional machine tool are subject 
to slight bending motions from the forces exerted while 
cutting small metal chips out of a part. These deflections 
cause a loss of machining precision. In contrast, the hexa¬ 
pod's three pairs of struts apply force to the cutting tool as 
simple pushing or pulling motions and so minimize dis¬ 
placements that can impair accuracy. In addition, 
the machines are lightweight and move a cutting 
head around the contoured surface of a part 
more rapidly than can a more massive tool. 

Hexapods may soon transcend their current 
status as geeklike attractions at machine-tool 
trade shows. "There’s still a cultural block—man¬ 
ufacturers tend to be conservative about new 
technologies/ says Albert Wavering, a NIST 
robotics researcher But earlier this year NIST 
bought a hexapod for 11.2 million from Inger- 
soll Milling Machine Company, and it has invited 
industry to test the machine at the agency’s 
headquarters in Gaithersburg, Md. Pratt & Whit¬ 
ney, a maker of aircraft engines, has begun to 
experiment with the hexapod at NIST as a means 
to reduce the time required for machining and 
finishing jet-engine parts. 

If it proves a success on the factory floor, this 
half machine tool, half robot may find its way 
further afield. Mick Fitzgerald, a researcher at 
the University of Texas at Arlington, foresees 
hexapods on movable platforms. These spindly 
creatures might traverse ship hulls to perform 
painting, inspection and drilling operations. Oth¬ 
er uses might be as varied as the positions as¬ 
sumed by the hexapod’s six legs. A prospective 
purchaser might one day ask: Does your hexa¬ 
pod do windows? —GaryStix 
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tern that helps airport controllers pick 
the most direct and fuel-efficient de¬ 
scent routes for incoming aircraft. That 
system, which is being tested at the 
Denver and Dallas/Fort Worth airports, 
has been cited as proof that a national 
conflict probe system is feasible. 

It may in fact hold other lessons. The 
Descent Adviser and its associated traf¬ 
fic-management systems took nearly a 
decade to reach the current test stage. 
Once finalized, the system will proba¬ 
bly not be deployed nationwide until 
1998, when air-traffic controllers get 
new workstations, (Those workstations 
were supposed to be in place six years 
ago, but after major parts of the soft¬ 
ware project derailed, some systems 
were canceled, and others were rede¬ 
signed last year,) 

Moreover, the Descent Adviser uses 
tube-shaped trajectories to predict the 


path each airplane will take during the 
next few minutes. The faa wants its 
free-flight software, in contrast, to be 
based on hockey-puck-shaped “alert 
zones” that surround aircraft, “The 
alert-zone concept comes from fighter 
combat. There has been no analysis or 
hard-[nosed] review" of whether it works 
well for conflict detection, Erzberger 
complains. The mismatched techniques 
could make it difficult for the programs 
to communicate. 

It is not yet dear how long it could 
take for the benefits of free flight to pay 
for the investment required to achieve 
it. To date, the only published simula¬ 
tion, which compared the actual paths 
of some 45,000 flights flown one day 
last year with the most direct routes 
possible, found that under free flight, 
each would have shaved an average of 
just 110 seconds off flying time, but 


would have waited an extra 15 seconds 
for a runway to land on. Near misses be¬ 
tween free-flying airplanes would have 
been lower en route but higher near 
terminals. 

Benefits might also be limited for 
some time to U.S. domestic flights, giv¬ 
en that all other countries and the In¬ 
ternational Civil Aviation Organization 
have not begun moving toward a free- 
flight system. 

Where safety is concerned, the faa 
remains conservative. “We will not re 
duee separation standards without a 
thorough scientific analysis that shows 
it can be done safely,” promises L. Lane 
Speck, the faa's director of air-traffic- 
control rules and procedures. “We can¬ 
not afford to rush this.” Perhaps the 
agency should temper its enthusiasm 
for purchasing new technology with 
similar caution. —W. Wayt Gibbs 


Putting Greens 

Clean, hydrogen-powered golf carts hit the streets 


W ith legislation calling for the 
sale of zero-emission vehicles 
passed by several states, work 
on electric cars has shifted into high 
gear. But limited battery capacity re¬ 
mains a stumbling block, and some au¬ 
tomotive engineers are pinning their 
hopes on devices that once helped to 
power the Apollo moon missions: fuel 
cells. These electrical generators clean¬ 
ly combine hydrogen with oxygen to 
produce electricity, with only water as 
a by-product. But will this space-age 
technology ever truly take off on earth? 

Fuel cells currently appear too expen¬ 
sive for ordinary passenger cars, and 
without many such vehicles on the road, 
there is little incentive for filling sta¬ 
tions to offer hydrogen at the pumps. 
Lacking places to tank up, few people 
would be wilting to buy fuel-cell-pow¬ 
ered autos. This chicken-and-egg prob¬ 
lem might be gently overcome if fuel¬ 
cell developers found a commercial 
niche so that the economies of scale 
could reduce manufacturing costs. One 
intriguing opportunity may come, 
strangely enough, from the nation's 
golfers. 

Electric vehicles have been widely 
used in airport terminals, on factory 
floors and, of course, over golf courses. 
Fuel cells could readily replace the 
heavy lead-add battery banks now em¬ 
ployed and would provide improved 
performance at a comparable price. 
That promise has prompted workers at 
Humboldt State University’s Shatz En¬ 
ergy Research Center in Areata, Calif., 
to convert golf carts to fuel-cell power. 


They plan to introduce the new carts 
and hydrogen-refueling stations in 
Palm Desert in southern California's 
Coachella Valley, just miles from Palm 
Springs. 

Peter Lehman, director of the Shatz 
Center, explains that Palm Desert 
seemed a natural spot for launching 
the hydrogen project because residents 
were “already en¬ 
thusiastic about 
environmental 
technology.” But 
the chief attraction 
was the extraor¬ 
dinary concentra¬ 
tion of golf carts, 
more than 20,000 
in the valley. The 
ubiquitous vehi¬ 
cles now ferry 
golfers around the 
region's 90 cours¬ 
es—or on jaunts 
about town. 

Initially, this 
traffic was restrict¬ 
ed to golfers who 
drove their carts 
along public roads 
to nearby courses 
(a practice long al¬ 
lowed by local ordinance), but soon 
many residents caught on to the ad¬ 
vantages of small personal transport 
vehicles for trips off the fairway. City 
councilman Richard S. Kelly explains 
that many people were driving carts 
around town, “but they were getting 
tickets." So he spearheaded an initia¬ 


tive with the state legislature that in the 
past year has made Palm Desert's carts 
street-legal. 

Paul W. Shillcock, economic develop¬ 
ment director for the town, notes that 
most of the funding for the hydrogen 
initiative is coming from the Depart¬ 
ment of Energy, Bui he is confident that 
the program will eventually demonstrate 
that hydrogen-based transport can offer 
a commercially feasible alternative to 
petroleum—one that is environmentally 
benign. Shillcock boasts in anticipation: 


“The oil companies are not going to be 
pleased with us.” Neil P. Rossxndssl of 
the doe is similarly enthusiastic about 
this attempt to spin up a local hydrogen 
economy. Compared with many more 
costly and less practical proposals he 
has reviewed, Palm Desert's plan “was a 
breath of fresh air.” —David Schneider 



ELECTRIC VEHICLES are already a reality in Palm Desert , 
Calif., where golf carts are street-legal. 
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H PROFILE: MARTIN GARDNER 

The Mathematical Gamester 


T he derk at the Barnes and Noble 
bookstore in downtown Manhat¬ 
tan is not all that helpful* Having 
had limited success with smaller retail¬ 
ers, I am hoping that the computer can 
tell me which of Martin Gardners 50 or 
so books are available in the store’s 
massive inventory. Most of his books, 
of course, deal with recreational math¬ 
ematics, the topic for which he is best 


known* But he has also penned works 
in literature, philosophy and fiction. 1 
am looking specifically for The Whys of 
a Philosophical Scrivener, Gardner’s es¬ 
says that detail his approach to life. 
The clerk tells me to try the religion 
section, under “Christian friction." Is 
he kidding? 

A scowl breaks across Gardner's oth¬ 
erwise amicable face after 1 relate the 
story* He is puzzled, too, but for a dif¬ 
ferent reason. The book has nothing to 
do with that, Gardner insists* He makes 
it a point to describe himself as philo¬ 
sophical tlieist—in the tradition, he says, 
of Plato and Kant, among others. “I de¬ 
cided I couldn't call myself a Christian 
in any legitimate sense of the word, but 
I have retained a belief in a personal 
God," Gardner says as a matter of clarifi¬ 
cation. “I admire the teachings of Jesus, 
but to me it’s a little bit dishonest if you 
don’t think Jesus was divine in some 


special way’ 1 -“Which Gardner does not. 

Theology and philosophy weigh heav¬ 
ily in our conversation, something I did 
not expect from a man who spent 25 
years writing Scientific Americans 
“Mathematical Games” column and who, 
in the process, influenced untold num¬ 
bers of minds. “1 think my whole gener¬ 
ation of mathematicians grew up read¬ 
ing Martin Gardner,” comments Rudy 


Rucker, a writer and mathematician at 
San Jose State University, ll is not un¬ 
common to run into people who sub¬ 
scribed solely because of the mathe¬ 
matical gamester, a realization not lost 
on the magazine’s caretakers when he 
resigned in 1981* “Here is the letter I 
have been dreading to receive from Mar¬ 
tin Gardner," memoed then editor Den¬ 
nis Flanagan to then publisher Gerard 
Piel. “I had a lot of books I wanted to 
write,” Gardner explains of his decision. 
“I just didn’t have time to do the col¬ 
umn. 1 miss doing it because I met a lot 
of famous mathematicians through it.” 

In his living room in Hendersonville, 
N.C., near the Great Smoky Mountains 
at the Tennessee border, he rattles off 
several of these notables. Roger Pen¬ 
rose of the University of Oxf ord, now a 
best-selling author about consciousness 
and the brain, first became famous af¬ 
ter Gardner reported Penrose’s finding 


of tiles that can coat a plane without 
ever repeating the same pattern* John 
H. Conway of Princeton University saw 
his game-of-life computer program, a 
metaphor for evolution, flourish after 
appearing in the column. Most surpris¬ 
ing to me, though, is Gardner’s mention 
of the Dutch artist M. C. Escher, whose 
work he helped to publicize in 1961. He 
points to an original Escher print over 
my head, between the shelves of his 
wife’s collection of antique metal door¬ 
stops. If he had known Escher would 
become famous, Gardner says, he would 
have bought more. “It’s one of the rare 
pictures with color in it,” he remarks. 
“It’s based on Poincare’s model of the 
hyperbolic plane.” Uh, okay. 

The 81 -year-old Gardner seems more 
comfortable talking about others than 
about himself* Perhaps part of the rea¬ 
son is that he has no formal training in 
mathematics* In discussing his youth, 
he muses on religion and philosophy, 
topics to which we keep veering back. 
"When I grew up in Tulsa, it was called 
the oil capital of the word,” he says* 
“Now it’s known as the home of Oral 
Roberts. That’s how far Tulsa has gone 
down the hill.” He describes his father, 
a petroleum geologist, as a tolerant fel¬ 
low who put up with his mother’s Meth¬ 
odist devotion and Gardner's own early 
fanaticism. Influenced by a Sunday 
school teacher and a Seventh-Day Ad¬ 
ventist, the young Gardner became con¬ 
vinced the second coming was near and 
f that 666 was the number of the pope. 
E U I grew up believing that the Bible w^as 
| a revelation straight from God,” he re- 
L counts. "It lasted about ha!fw r ay through 
^ my years at the University of Chicago*” 
University life, however, slowiy erod¬ 
ed his fundamentalist beliefs. “Certain 
authors have been a big influence on 
me," Gardner says and enumerates 
them. Besides Plato and Kant, there are 
G. K* Chesterton, William James, Charles 
S. Peirce, Miguel de Unamuno, Rudolf 
Carnap and H. G. Wells. From each, 
Gardner has culled a bit of wisdom. 
"Prom Chesterton 1 got a sense of mys¬ 
tery in the universe, why anything ex¬ 
ists,” he expounds. "From Wells I look 
his tremendous interest in and respect 
for science." That’s why he does not ac¬ 
cept the virgin birth of Christ or a blood 
atonement for the sin of Adam and 
Eve, as he writes in the afterword of his 
semiautobiographical novel, The Flight 
of Peter Fromm. “1 don’t believe God in¬ 
terrupts natural laws or tinkers with 
the universe," he remarks. From James 
he derived his notion that belief in God 
is a matter of faith only* “I don’t think 
there’s any way to prove the existence 
of God logically.” 

Pondering existence for a living, how- 



FIND MARTIN Gardner among his collection of mathematical and magical props. 
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ever, was not his calling. “If you're a pro¬ 
fessional philosopher, there's no way 
to make any money except to teach. It 
has no use anywhere, 1 ' Gardner offers. 
Instead he turned to writing, becoming 
assistant oil editor for the Tulsa Tribune 
and then returning to Chicago to assume 
a post in the university’s press office. 
In 1941 he began a four-year stint on a 
destroyer escort (fittingly* the U.S.S, 
Pope), After World War 11, Gardner re¬ 
turned to Chicago, selling short stories 
to Esquire and taking more courses in 
philosophy under the Gi bill 

Freelance writing is unstable, and 
Gardner found himself in New York City 
in the early 1950s, where he landed a 
regular job with the children’s periodi¬ 
ca] Humpty Dumpty's Magazine, writing 
features and designing activities. “I did 
till the cutouts,” he beams. But it was bis 
lifelong interest in magic, still his main 
hobby, that led him to mathematical 
games. Every Saturday a group of con¬ 
jurers would gather in a restaurant in 
lower Manhattan. “There would be 50 
magicians or so, all doing magic tricks," 
Gardner reminisces. One of them in¬ 
trigued him with a so-called hexaflexa- 
gon—a strip of paper folded into a hex¬ 
agon, which turns inside out when two 
sides are pinched. Fascinated, Gardner 
drove to Princeton, where graduate stu¬ 
dents invented it. (A magician also 
played a pivotal role in another major 
step in Gardner’s life: he introduced 
Gardner to his future wife, Charlotte.) 

Having sold a piece on logic machines 
to Scientific American a few years prior 
(which, incidentally, included a card¬ 
board cutout), he approached the mag¬ 
azine with an article on Hexagons. “Ger¬ 
ry Piel called me in and asked, 'Is there 
enough material similar to this to make 
a regular column? 1 1 said I thought there 
was, and he said to turn one in," Gard¬ 
ner recalls. It was a bit of a snow job: 
Gardner did not even own a mathemat¬ 
ics book al the time. "I rushed around 
New York and bought as many books 
on recreational math as I could,” he 
states. Gardner officially began his new 
career in the January 1957 issue; the 
rubric “Mathematical Games" was cho¬ 
sen by the magazine. “By coincidence, 
they’re my initials," Gardner observes. 
"I always had a private interest in math 
without any formal training. I just sort 
of became a self-taught mathematician. 
If you look at those columns in chrono¬ 
logical order, you will see they started 
out on a much more elementary level 
than the later columns." 

Gardner's timing was perfect. Only a 
few outlets for recreational mathemati¬ 
cians existed at the time. “A lot of cre¬ 
ative mathematicians were making dis¬ 
coveries, but Lhe work was considered 


too trivial by professional math jour¬ 
nals to publish. So I had the pleasure of 
picking up this stuff.” Perhaps more 
important to the success of the column 
was his nonmathematical background. 
"His references were so wonderfully 
cross-cultural and broad," Rucker states. 
“He talked about experimental litera¬ 
ture, about cranks, about philosophers— 
relating mathematics to the most excit¬ 
ing things around." He was also able to 
form a network of associates who 
passed on ideas. “Martin was very good 
at giving attribution," says mathemati¬ 
cian Ronald L. Graham of AT&T BeU 
Laboratories. “That inspired people to 
work on problems." 

Gardner has a natural penchant for 
fun and games. In an April Fools' piece, 
he claimed Einstein's theory of relativi¬ 
ty was disproved and that Leonardo da 
Vinci invented the flush toilet. At the 
suggestion of a friend, he harshly 
panned his own Whys book in a review 
written under the pseudonym George 
Groth. “I heard that people read the re¬ 
view and didn't buy the book on my 
recommendation," Gardner comments. 

Although his home seems to display 
order and formality, Gardner’s playful¬ 
ness is everywhere. Optical illusions 
abound, including an inside-out face 
mask illuminated from below that ap¬ 
pears holographic, eerily seeming to 
track a viewer’s motions. He demon¬ 
strates several magic tricks with rubber 
bands, at one point rummaging through 
a closet to extract a fake, blood-dripping 
severed arm through which he wiggles 
his own fingers. This Wonderland feel¬ 
ing is appropriate, for Gardner is an ex¬ 
pert on Lewis Carroll. His best-seller is 
The Annotated Alice, in which he shows 
that Carroll encoded messages, chess 
moves and caricatures of people he 
knew, In Los Angeles recently, wealthy 
electronics store owner John Fry inau¬ 
gurated a new outlet containing 15-foot 
statues of the Alice characters—and 
Gardner was the honored guest. 


After nearly 40 years of presenting 
math, Gardner says the biggest trans¬ 
formation in the held has been the en¬ 
trance of the computer. “It's changed 
the character of all mathematics, espe¬ 
cially combinatorial math, where prob¬ 
lems are impossible to solve by hand. 
A good example is the four-color map 
problem, which was finally solved by a 
computer." The theorem states that at 
least four hues are needed to paint all 
planar maps so that no adjacent regions 
are the same color. Chaos theory, frac¬ 
tals and factoring of prime numbers 
are a few other examples. 

Gardner himself does not own a com¬ 
puter (or, for that matter, a fax or an¬ 
swering machine). He once did—and got 
hooked playing chess on it. “Then one 
day 1 was doing the dishes with my wife, 
and I looked down and saw the pattern 
of the chessboard on the surface of the 
water,” he recalls. The retinal retention 
lasted about a week, during which he 
gave his computer to one of his two 
sons. Tm a scissors-and-rubber-cemcnt 
man," Gardner says, although he feels 
he ought to get another computer de¬ 
spite the lasting impression his first 
one left. 

Retirement does not find Gardner at 
rest. He writes for the Skeptical Inquir¬ 
er, although he is planning to switch to 
topics that are not outright shams, such 
as Freud’s dream theory and false mem¬ 
ories evoked by therapists. And there 
is time for games. During my visit, an 
editor called to say that his firm wants 
to publish Gardner’s manuscript on 
Lewis Carroll’s mathematical puzzles. 
Gardner describes a recent problem he 
received from Japan, which dealt with 
an ant crawling on an extended cube. 
A mathematician phones to inquire 
whether Gardner heard anything about 
a tumor of a new result in Penrose 
tiling. And every afternoon at 4:30, he 
and Charlotte investigate fluid dynam¬ 
ics by mixing vodka martinis. For Gard¬ 
ner, the game is the life. —Philip Yam 


Solutions to Gardner’s Puzzles from page 20 


1. To reverse a man's trousers while his 
ankles are joined by a rope, first slide the 
trousers off onto the rope, then push one 
leg through the other. The outside leg is 
reversed twice in the process, leaving the 
trousers on the rope right-side out but 
with the legs exchanged and pointing to¬ 
ward the man^ feet. Reach into the 
trousers from the waist and turn both 
legs inside out. The trousers are now re¬ 
versed on the rope and in position to be 
slipped back on the man, zipper in front 
as originally arranged but with the legs 
interchanged. 


2. The figure 
is cut into con¬ 
gruent halves 
like this: 



3. 
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The Galileo 
* Mission 







From orbit around Jupiter, the Galileo 
spacecraft will take the closest look ever 
at the planet and its natural satellites 


by Torrence V. Johnson 


O n December 7, 1995, a new form of shooting star will blaze 
briefly in Jupiter's sky. It will be not a meteor or comet but a 
device manufactured on the earth that will slam into the thin 
gases of the upper Jovian atmosphere at nearly 50 kilometers per sec¬ 
ond. Within minutes a parachute will unfurl to slow the projectile, and 
the remains of its heat shield will fall away. For a little more than an 
hour, the exposed instrument will descend, sending data on composi¬ 
tion, temperature, pressure and cloud structure to its parent craft, Ga¬ 
lileo , passing 200,000 kilometers overhead. 

Galileo will store the signals for transmission to scientists waiting on 
the earth. As the probe's signals fade away, a rocket on Galileo will fire 
for almost an hour, placing the craft in a large, looping orbit around 
the planet. Af ter visiting two other planets and two asteroids on its six- 
year journey—and on the way making some unexpected discoveries— 
the spacecraft will finally be at its intended destination: Jupiter. Three 
hundred and eighty-five years after Galileo Galilei discovered the Jo¬ 
vian moons, a man-made satellite bearing his name will join their end¬ 
less circuit. 

Project Galileo was born in the mid-1970s, after Pioneer Z ft and Pio¬ 
neer 11 had flown by Jupiter and the ambitious Voyager missions to 
the ends of the solar system had been Initiated. It was clear that Jupiter 
and its peculiar moons—forming a type of miniature solar system— 
were worth more than a passing glance. In 1976 a team led by James 
A, Van .Allen of the University of Iowa presented to the National Aero¬ 
nautics and Space Administration a dual mission plan: an entry probe 
to study Jupiter’s atmosphere as well as a sophisticated device 1 that 
would circle the planet about 12 times over two years, transmitting in¬ 
formation about Jupiter, its moons and its mammoth magnetic field 
[ see box on pages 32 and 35]. 

The mission was approved by Congress, and Galileo was slated to be¬ 
come, in January 1982, the first planetary spacecraft launched by shut¬ 
tle. But the shuttle program ran into technical hitches, as did the three- 
stage solid-fuel rocket needed to send Galileo all the way to Jupiter. Af¬ 
ter several other schemes had been considered and discarded, the 
propulsion system was replaced by one using a single, powerful rocket 
fueled by liquid hydrogen, and the launch was reset for May 1986. 

Then, in January 1986, soon after Galileo was trucked from the Jet 
Propulsion Laboratory (JPL) in Pasadena, Calif., to the Kennedy Space 
Center in Cape Canaveral, Fla., the tragic Challenger accident occurred, 
killing seven people on board AH subsequent shuttle launches were 
put on hold for an indefinite period. Moreover, Galileo r s liquid-hydro¬ 
gen rocket was deemed loo dangerous to transport in a shuttle's cargo 
bay and was dropped from consideration. The only propulsion system 
that GalUeo w as now allowed, a tw o-stage solid-fuel rocket, would not 
be energetic enough to get it to Jupiter. 

Fortunately, a mission design team at JPL came up with an innova- 
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GALILEO will approach lo, Jupiter's volcanic moon, on Decem¬ 
ber 7, 1995. The combined action of Galileo's thrusters and Io*s 
gravitational pull will place the spacecraft in orbit around Ju¬ 
piter. Because of a malfunctioning tape recorder, however, Ga¬ 
lileo may not be able to make observations dining this closest 
encounter with to. 
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tive solution. Galileo could swing by 
Venus and the earth, gathering energy 
from the planets’ motions around the 
sun to supplement its inadequate rock¬ 
et. It would, in the end, be able to reach 
Jupiter—and on the way provide even 
more scientific observations than had 
been planned. 

The Inner Solar System 

G alileo and its solid-fuel rocket boost¬ 
ers went into space on October 18, 
1989, riding in the cargo bay of Atlan¬ 
tis. After deployment from the shuttle, 
the rockets bred, making the spacecraft 
fall, paradoxically, toward the center of 


the solar system. The new VEEGA tra¬ 
jectory (for “Venus Earth Earth gravity 
assist”) would take the spacecraft to 
Venus and twice past the earth before 
it finally left for Jupiter. Apart from the 
planetary encounters, the devious route 
included two passages through the as¬ 
teroid belt. They involved close encoun¬ 
ters with two asteroids, members of the 
solar family that had never been seen 
at close range. 

On the way to Venus and, indeed, all 
through its long cruise, some of Gali¬ 
leo's instruments were kept busy scru¬ 
tinizing interplanetary space. The mag¬ 
netometer monitored the interplanetary 
magnetic field and the solar wind, made 


of charged particles flowing from the 
sun over enormous distances. The ex¬ 
treme ultraviolet instrument also proved 
immediately useful. Galileo's measure¬ 
ments were used to calculate how radi¬ 
ation from the sun varies with the lati¬ 
tude from which it is emitted, allowing 
researchers to update models of the 
sun's dynamics. 

The radio transmitters, which are 
used for communications, also turned 
in valuable science. From the opposite 
side of the sun, Galileo sent radio waves 
to JFL that just grazed the visible solar 
surface. Turbulent processes on the sun 
and the ways in which material spurts 
off into the solar wind were measured 



Jupiter’s Instrumented Satellite 


G alileo is unusual in having two segments— 
one spins; the other is stationary. Rotation 
imparts stability and also allows the communica¬ 
tions antenna, which lies along the spin axis, to 
point steadily to the earth. Survey instruments that 
scan the entire sky are mounted on the main, ro¬ 
tating section; devices that have to be directed 
toward a particular object for a long time are 
on the stationary “scan” platform. The 


propulsion system and several of the instruments 
were supplied by the Federal Republic of Germany, 
which is working closely with NASA on the Galileo 
project. 

The probe will enter Jupiter’s atmosphere just as Ga¬ 
lileo arrives at the planet on December 7. That same 
day, rocket thrusters, aided by lo’s gravity, will put 
Galileo into orbit around Jupiter. From that position it 
will transmit data for two years. —T.V.j. 


MAGNETO METER SENSORS 

measure magnetic-field strength and direction. 


DUST DETECTOR counts microscopic grains 
and measures their size and speed. 


PLASMA DETECTOR 

measures low-energy 
charged particles trapped 
in Jupiter's magnetosphere. 


PLASMA-WAVE ANTENNA 

detects electromagnetic and 
electrostatic waves in Jupiter's 
magnetosphere. 

ENERGETIC PARTICLES 
DETECTOR measures high- 
energy charged particles in 
Jupiter's magnetosphere. 

HEAVY ION COUNTER 

measures very high energy 
charged particles, similar to 
cosmic rays. 

MAIN ANTENNA, which was 
designed to be the primary 
communications device, is 
only partially opened and 
does not function. 


SCAN PLATFORM contains ultra¬ 
violet spectrometer near-infrared 
mapping spectrometer, solid-state 
imaging camera and photopolarime¬ 
ter radiometer for analyzing radiation 
of diverse wavelengths. 


JUPITER ATMOSPHERIC 
PROBE has seven instru¬ 
ments that measure atmo¬ 
spheric composition, tem¬ 
perature, pressure and wind 
speed, as well as lightning 
bursts and their composition. 


LOW-GAIN ANTENNA 

is used for communications 
and radio experiments. 


PROSE RELAY ANTENNA 

receives data from the probe. 


THRUSTERS burn propel¬ 
lant to change the speed 
and attitude of the 
spacecraft. 


EXTREME ULTRAVIOLET SPECTROMETER 

checks for high-energy radiation 
from the Io torus or auroras on Jupiter. 


RADIOISOTOPE THERMOELECTRIC 
GENERATORS provide electrical energy 
for the spacecraft and its instruments. 
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via their effects on 
the radio waves. 

Galileo had to fly 
the first leg of its 
mission with its 
main, umbreltalike 
antenna furled and 
hidden behind a 
sunshade that pro¬ 
tected it from the 
direct rays of the 
sun. The configura¬ 
tion made this im¬ 
portant device, de¬ 
signed to transmit 
data at high rates, 
unusable. The space¬ 
craft also has a small 
antenna at either 
end, but these were 
too weak to send 
much information 
over long distances. 

As a result, Galt 

leo’s tape recorder was programmed to 
store information about Venus during 
the few hours of closest approach. The 
bits were relayed to the earth over one 
of the two low-gain antennae—the one 
pointing to the earth—when Galileo re¬ 
turned for its first visit in December 
1990. The proximity ensured that the 
signals were received loud and clear de¬ 
spite the low power at which they were 
transmitted. Infrared images taken by 
Galileo penetrated deep within the at¬ 
mosphere of Venus and gave 
the closest view ever of the 
structure and dynamics of its 
lower cloud layers, 

Galileo was also able to ob¬ 
serve the earth from the per¬ 
spective of an interplanetary 
explorer, producing a stunning 
movie of our watery planet. The 
spacecraft examined the outer 
expanses of the earth’s magnet¬ 
ic field and took the first mea¬ 
surements of the moon's far 
side since the days of the Apol¬ 
lo program. These images re¬ 
vealed ancient volcanic pro¬ 
cesses in regions not visited by 
astronauts and beautifully con¬ 
firmed the existence of an an¬ 
cient, huge impact basin on the 
far side, the South Pole-Aitken 
basin. 

A Communications Disaster gl 


S oon after swinging past the 
earth for the last time, Ga¬ 
lileo encountered a major tech¬ 
nical problem. Now that the 
spacecraft was far enough from 
the sun, ground controllers com¬ 
manded its large antenna to un- 
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WINDING ROUTE to Jupiter has taken Galileo past Venus, past the earth twice 
and through the asteroid belt twice. Once in orbit around Jupiter, Galileo will 
have 11 dose encounters with the planet's four Largest moons. 


Furl. The motors ran for less than 10 
seconds and stalled. Later analysis 
showed that several, probably three, of 
the antenna's ribs were not deployed, 
leaving the instrument a useless, twist¬ 
ed sack of metal mesh. 

Intense efforts over several years have 
failed to open the antenna. The best en¬ 
gineering judgment is that the ribs are 
permanently jammed, probably because 
of the loss of lubricant during the long 
truck rides the spacecraft took from the 
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VENUS’S NIGHTSIDE was imaged in infrared light by 
Galileo during its flyby. The heal radiation originates 
deep within the atmosphere, allowing the inner layer 
of clouds to be seen for the first time. 


Pacific coast to the 
Atlantic in 1986, 
back to the Pacific 
when launch was de¬ 
layed and again to 
the Atlantic in 1989. 

For a few devas¬ 
tating months, the 
team thought it had 
lost much, if not all, 
of the orbital mis¬ 
sion. The probe’s 
data could be re¬ 
turned to the earth 
with the small an¬ 
tenna that had 
served since launch 
for communications. 
But plans for gather¬ 
ing data during or¬ 
bit depended heavily 
on the undeployed 
antenna, designed to 
transmit at 134,000 
bits per second. A series of brainstorm¬ 
ing sessions slowly convinced the plan¬ 
ning team that a good deal of the sci¬ 
ence could still be done with the small 
antenna. 

Of immediate concern was the up¬ 
coming rendezvous with Gaspra, the 
first meeting of a spacecraft with an as¬ 
teroid, Plans for the Gaspra observa¬ 
tions were already far along, relying on 
fast communications through the main 
antenna, both for maneuvering Galileo 
dose to the asteroid and for 
sending back information. 

Working feverishly, engineers 
figured out how to replace the 
planned 20 or more pictures 
needed for navigation with only 
five. (The camera shutter was 
left open so that the stars ap¬ 
peared as streaks; one picture 
therefore served for several.) 
There was just enough time to 
receive these critical images, 
which helped to fix the exact 
position of Galileo , from the 
low-gain antenna. The interna¬ 
tional astronomical community 
pitched in with a campaign of 
observations of Gaspra’s orbit, 
a vital element in determining 
where Lhe spacecraft would be 
with respect to the asteroid. 

The gigabit magnetic tape 
recorder on Galileo that had 
served for the Venus flyby w r as 
recruited for storing the Gaspra 
images. Because Galileo was to 
visit the earth one more time, 
the recording could be played 
back over the low-gain antenna 
while the spacecraft was nearby. 
This strategy made it possible to 
retain the most important ex- 
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periments despite the loss of immediate 
transmissions from the main antenna. 

Meeting Gaspra and Ida 

N evertheless, we reclaimed a few 
images immediately after the en¬ 
counter to see what our efforts had net¬ 


ted. The navigation had been extraordi¬ 
narily precise. The pictures offered the 
first close-up look at an asteroid, re¬ 
vealing an irregularly shaped rock with 
many small impact craters but fewer 
large craters than expected. Many of 
the particles in the asteroid belt were 
apparently smaller than had been esti¬ 


mated. And it seemed that Gaspra must 
have fragmented quite recently, about 
300 to 500 million years ago, from a 
larger body made of rock. 

The remaining data were returned 
when Galileo came home for the last 
time, in late 1992. it showed, intrigu- 
ingly, that the interplanetary magnetic 


Why Jupiter? 

T he Voyager flybys of 1979 convinced as¬ 
tronomers that Jupiter and its moons are 
far more interesting than they could have 
imagined. With its planet-size moons in circu¬ 
lar, coplanar orbits, the Jovian system looks re¬ 
markably like a small solar system. 

Jupiter itself is in many ways like a star It 
contains 70 percent of the mass of all the plan¬ 
ets in our solar system combined and is com¬ 
posed mainly of hydrogen and helium. Gravita¬ 
tional energy released when the planet formed 
4.5 billion years ago is still trapped deep in¬ 
side and seeps out slowly, so that the planet 
radiates almost twice the amount of energy it 
receives from the sun. 

In addition, Jupiter’s atmosphere most likely 
represents the best sample of the original neb¬ 
ula from which the solar system formed. The 
nebula contained mainly light elements, espe¬ 
cially hydrogen and helium, which rocky plan¬ 
ets such as the earth either never had or lost a 
long time ago. in the sun itself, the gases have 
been modified by thermonuclear burning. But 
on the giant planet everything has been pre¬ 
served, held by the massive gravity. Galileo's 
probe will reveal the composition of this gas 
and dust, refining our understanding of how 
the solar system came to be. 

Jupiter has no surface in the usual sense. 
The hydrogen becomes denser with depth, 
condensing into a hot liquid at rather shallow 
levels. Through this hydrogen ocean falls a 
perpetual rain of helium. Further down, hydro¬ 
gen behaves like a metal, very likely providing 
the high electrical conductivity required for 
generating Jupiter's powerful magnetic field. 

Jupiter is also a massive natural laboratory. A 
global atmospheric model should be applica¬ 
ble not only to the earth but also to other plan* 
ets;Jupiter, with its high gravity, fast spin and 
unusual chemistry, provides a testing ground 
as different as possible from the earth. Many 
of the entry probe’s measurements are designed 
to provide "ground truth” for calibrating atmo¬ 
spheric models, which will ultimately help in 
understanding the earth. 

Jovian Satellites 

J upiter’s 16 satellites are believed to have 
formed out of a cloud of gas, dust and ice 
surrounding the planet, much as the plan¬ 
ets formed around the sun. The large rocky 
moons, lo and Europa, are closest to Jupiter— 
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field had changed direction close to 
Gaspra, as though encountering a mag¬ 
netic obstacle. If Gaspra has a magnetic 
field, it could have affected the solar- 
wind field in a similar way. Evidently, 
the magnetic properties of asteroids 
were far more interesting than had pre¬ 
viously been believed. 


The second encounter with the earth 
was an opportunity to conduct vital 
calibrations. It also provided excellent 
views of the poorly studied north polar 
regions of the moon and, as a final “bon 
voyage” gift, a beautiful movie of the 
moon and the earth together. 

The gravitational boost from the earth 


sent the craft toward its final destina¬ 
tion on December 8,1992. (Incidental¬ 
ly, it also slowed the earth down by a 
minuscule fraction; luckily, this amount 
is tiny compared with the gravitational 
jostling from other planetary bodies, 
and we were not required to file a new 
environmental impact statement!) The 



SOLAR WIND DETOURS AROUND MAGNETOSPHERE 


SOLAR WIND 


JUPITER 


MAGNETOSPHERE 


INNER MAGNETOSPHERE WITH 10 PLASMA TORUS 


EAGNETIC: 


just as terrestrial planets such as Mercury and 
Mars are the innermost ones in the solar sys¬ 
tem, Farther out, Ganymede and Callisto have 
far more of the lighter elements, such as hy¬ 
drogen (in the form of ice). 

Each of these large satellites is also a fasci¬ 
nating body in its own right, worthy of a visit if 
it were instead orbiting the sun as a small 
planet, lo, about the size of the earth’s moon, 
is the most volcanically active body in the solar 
system, being totally resurfaced by lava every 
few hundred years. Unlike the earth, whose 
volcanoes are energized by heat from radioiso¬ 
topes, lo’s are heated by tidal distortions created 
by Jupiter and its other moons. The volcanic 
clouds form a patchy atmosphere of sulfur 
dioxide, part of which escapes from the plan¬ 
et; the remainder freezes onto the surface. 

Europa, also the size of the earth’s moon, 
has a strange cracked, icy surface that makes 
it 10 times as bright in reflected light. Gany¬ 
mede and Callisto are heavily cratered, aged 
moons, both about as large as Mercury, con¬ 
taining large amounts of ice. Galileo ’s 11 close 
encounters with these four largest satellites 
will answer many questions, such as how thick 
lo's crust is, what Callisto’s rocks are made of 
and whether Europa has an ice-covered ocean. 

A Strong Magnetism 

T he area around a planet that is dominated 
by its magnetic field is called the magneto¬ 
sphere, Jupiter has the most extensive magne¬ 
tosphere in the solar system: if the volume of 
space it encloses could somehow be made vis¬ 
ible to the human eye, it would look larger 
than the full moon in our night sky. 

The magnetosphere forms a barrier to the 
electrically charged particles in the solar wind, 
forcing it to detour around the invisible block. 
A shock wave forms at the upstream, or sun¬ 
ward, edge of the magnetosphere; downstream, 
the magnetic field is elongated to form a so- 
called magnetotail. The magnetosphere is 
home to highly energetic charged particles, 
immense currents and a bewildering array of 
electromagnetic waves, 

A huge spinning ring, or torus, of sulfur and 
oxygen ions surrounds Jupiter and makes up 
the inner part of the magnetosphere. The ma¬ 
teria! is stripped from lo, which must supply 
about a ton of it per second. Galileo will study 
regions and processes in the lo torus and the 
magnetosphere that were inaccessible to pre¬ 
vious spacecraft. — T.VJ. 
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JAILBARS, slices of images taken of the asteroid Ida, were re¬ 
turned to the earth so that the interesting parts could be lo¬ 
cated without the entire image having to be sent. (The failure 
of the main antenna necessitated such extreme economy in 



the transmission of data.) The jailbars {left) revealed a small speck 
alongside Ida; the full image (right), when reclaimed, re¬ 
vealed the object to be a rock about a kilometer wide, orbit¬ 
ing Ida—the first known asteroidal moon. 


trajectory was adjusted so that Galileo 
would arrive at Jupiter on December 7, 
1995. On the way, it would also encoun¬ 
ter asteroid Ida on August 28,1993, 

The Ida meeting presented new chal¬ 
lenges. There was no prospect of using 
the stuck main antenna, and no more 
passages by the earth to sidestep the 
communications bottleneck. The trans¬ 
mission rate for sending Ida's data 
would never exceed 40 bits per second. 
Yet the scientists wanted to make ob¬ 
servations twice as dose to Ida as To 
Gaspra, Because Ida is about twice the 
size of Gaspra, any portrait would also 
have four times the surface area. 

An intense navigational effort was set 
into motion to get even better data for 
Ida than for Gaspra. Techniques were 
developed to search the recorded tape 
so that the empty “black sky" frames 
need not be returned, leaving die anten¬ 
na free to transmit only the essential 
images. Nature helped somewhat; Ida 
has a period of 4.65 hours, about two 
thirds that of Gaspra, so that Galileo 
would see all the sides of Ida from clos¬ 
er range. 

The initial images showed Ida to be 
an extremely irregular object about 56 
kilometers long, with a very heavily cra¬ 
tered surface. Ida is a member of an as¬ 
teroid group called the Kg ranis family, 
believed to be left over from the break¬ 
up of a iaTger parent body about 100 
kilometers across. Some theorists had 
argued that the breakup occurred no 
more than tens of millions of years ago. 
Ida's crater-scarred, apparently ancient 
surface suggests instead that the Koro- 
nis family and perhaps others as well 
may be one or more billion years old. 

There was another surprise in store. 
In February 1994 scientists began to 
screen the remainder of the Ida tape. 
Small parts of some of the image frames 
had been obtained as “jailbars”—se¬ 
quences in which a few scanned lines 


were sent, many w r ere skipped, then a 
few more were returned and so on to 
the end of the frame. The regions con¬ 
taining Ida were located so that they 
could be played back in full later. 

Examining the jailbars for the first 
time, imaging team associate Ann Harch 
noticed an odd speck alongside Ida. 
Ruling out a UFO as somewhat unlike¬ 
ly, the team checked for astronomical 
sources that might inadvertently have 
appeared in the background. Finding 
none, they concluded that they had 
found a small asteroid, probably a 
moon, next to Ida. 

The infrared team, which also had 
jailbars, confirmed the asteroid's pres¬ 
ence. The imaging and infrared groups 
quickly realized they had slightly differ¬ 
ent views of the same object, A rapid 
calculation of parallax angles showed 
that the rock was about 100 kilometers 
from the center of Ida and had not 
moved much in the few minutes sepa¬ 
rating the observations. The small body, 
close to a larger asteroid and moving 
very slowly, was almost certainly a sat¬ 
ellite. The International Astronomical 
Union named it Dactyl, after the Bac- 
tylos, the sons of Ida and Jupiter, 

It happened that essentially every 7 
view taken of Ida also contained Dac¬ 
tyl. The high-resolution images revealed 
the moon to be a potato-shaped, pock¬ 
marked object, clearly not some recent 
collisional fragment. It was in an orbit 
with a period of 24 hours or more. The 
range of possible orbits that ht the ob¬ 
servations can help constrain the mass 
and therefore the density of Ida, which 
turns out to be similar to that of many 
rocks and stony meteorites. 

The discovery of Ida's moon raised 
many questions. What, for instance, was 
its origin? A collision could have sent a 
piece of debris from Ida itself into or¬ 
bit. (A variant of this idea is that the 
earth's moon formed when a "mega¬ 


impact” blasted material off the earth, 
which then coagulated with debris from 
the impactor [see “The Scientific Legacy 
of Apollo,” by G. Jeffrey Taylor; Scien¬ 
tific American, July 1994].) But then 
the fragment would have had to collide 
with some other strategically placed de¬ 
bris, or else it would simply have fallen 
back to Ida. More likely, both Dactyl and 
Ida were produced when the parent 
body of the Koronis family broke up. If 
the two fragments stayed relatively 
close to each other, they could have be¬ 
come gravitationally bound. 

Scientists are divided about how like¬ 
ly an asteroid is to acquire a satellite 
and how long the latter can survive. 
Since the early part of this century, 
there lias been scattered evidence that 
some asteroids might actually be bina¬ 
ries, two bodies orbiting each other at 
close quarters. But small rocks get 
pulled out of orbit easily by the per¬ 
turbing effects of the sun and the other 
planets, especially Jupiter. Dactyl, or¬ 
biting within a few radii of Ida, is well 
within its sphere of influence, but it re¬ 
mains to be seen how long it will stay 
there. 

Nearing Jupiter 

T n July 1994, when still one and a half 
Xyears from Jupiter, Galileo was unex¬ 
pectedly treated to a grand show: Com¬ 
et Shoemaker-Levy 9 impacting on the 
nightside of the planet [see “Comet 
Shoemaker-Levy 9 Meets Jupiter,” by 
David H. Levy, Eugene M. Shoemaker 
and Carolyn S. Shoemaker; Scientific 
.American, August]. Galileo 's computer 
sequence had, however, to be specified 
months before the event, when the 
times of impact were still very uncer¬ 
tain. To cover for these uncertainties, 
many more images had to be recorded 
than could be returned to the earth 
over the low-gain antenna. Tape-search- 
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ing techniques such as those used 
during the Ida flyby were invoked. 
Moreover, analysis of the events ob¬ 
served from the earth and the Hub¬ 
ble Space Telescope helped astrono¬ 
mers to locate and play back only 
the sections of the recording that 
held data from the impact. 

Galileo was able to observe the vis¬ 
ible and near-infrared light from the 
entry and explosion of several frag¬ 
ments of the comet. Among the most 
spectacular images were those of 
the last event. Taken in green light at 
intervals of 2,33 seconds, these pic¬ 
tures show a gibbous Jupiter with a 
bright point of light appearing, bright¬ 
ening and then fading away on the 
nightside of the planet, marking the 
fiery death of the prosaically named 
W fragment. 

Critical data on the large "G" event 
were also recorded by ultraviolet, 
photopolarimeter radiometer and in¬ 
frared experiments. They allowed di¬ 
rect calculation of the size, tempera¬ 
ture and altitude of the fireball. It 
emerged as a glob of about eight kilo¬ 
meters in width and 7,500 kelvins in 
temperature, rapidly cooling and ex¬ 
panding as it rose in the atmosphere. 

To analyze all the data will take years. 

From mid-1994, Galileo's dust detec¬ 
tor, which measures impacts from mi¬ 
crometeoroids no larger than the parti¬ 
cles in cigarette smoke, had begun to 
record dust streams from the direction 
of Jupiter. This past August, while still 
62 million kilometers from the planet, 
Galileo plowed through the most in¬ 
tense dust storm ever measured. Every 
day for four weeks the detector was 
spattered by up to 20,000 particles 
traveling at 40 to 200 kilometers per 
second. The dust grains, which are too 
small to damage the craft, may origi¬ 
nate either from the rings of Jupiter or 
from the volcanoes of its moon lo. They 
probably are electrically charged grains 
that were accelerated by Jupiter's mag¬ 
netic field and flung far out into space. 

In October Galileo's mission planners 
experienced one more unexpected jolt. 
The tape recorder did not stop rewind¬ 
ing as expected on reaching the begin¬ 
ning of the tape. As of this writing, the 
team's best guess is that the recorder 
may be seriously limited in its capabili¬ 
ties. The spacecraft still has some sol¬ 
id-state memory, however, which can 
be used to store and transmit high-res¬ 
olution images—perhaps as many as 
half the number the tape recorder 
would allow. 

Galileo's arrival at Jupiter on Decem¬ 
ber 7 will mark the start of its primary' 
mission. The information from the 
probe, an extremely valuable but small 



JUPITER ATMOSPHERIC PROBE will pene 
irate the planet on December 7. Much of the 
heat shield will bum away; the rest will fall off 
after a parachute slows the probe, exposing 
its instruments. These devices will measure 
wind speed, cloud composition, lightning fre¬ 
quency and other aspects of the atmosphere. 


data set (it can fit on a floppy disk), will 
be played back in its entirety. Galileo 
will then concentrate on a multitude of 
measurements of the giant planet, its 
four largest moons and its mammoth 
magnetic field. 

By that time, the spacecraft's capabili¬ 
ties will be significantly enhanced. When 
Galileo ’s computers were originally pro¬ 
grammed, data-compression techniques 
were quite primitive. A completely new' 
set of software for the computers on 
board will allow extensive processing, 
editing and compression of data on 
board the spacecraft, increasing the in¬ 
formation content in each bit by a fac¬ 
tor of 10 or more. 

In addition, the Deep Space Network 
will have been modified to pick up the 
faint signals from the low-gain anten¬ 
na. The DSN is a group of three track¬ 
ing complexes: at Gold stone, Calif., Ma¬ 
drid, Spain, and Canberra, Australia. Set 


120 degrees in longitude apart, the 
stations permit any spacecraft to be 
in view at any time. (Tracking time 
on the DSN is an important bargain¬ 
ing chip for NASA in collaborative 
space projects.) 

The antennae are typically used 
separately to track different space 
craft. But when great sensitivity is 
required, they can be tuned electron¬ 
ically to create effectively a much 
larger receiving dish. Voyager used 
this capability when viewing Uranus 
and Neptune, and Galileo will make 
routine use of the technique while 
surveying Jupiter. 

These improvements, combined 
with other changes in the way the 
spacecraft encodes data, will in¬ 
crease the information capacity of 
the telecommunications link up to 
1,000 bits per second. With this ca¬ 
pability, the primary goals of Gali- 
feo—-those involving high-resolution 
data on the objects it will near and a 
survey of the magnetic field—will be 
realized. Galileo will view' the Jovian 
satellites with the resolution that 
LANDS AT, for example, images the 
earth. It will also monitor the volca¬ 
noes on Io ai 10 times better resolu¬ 
tion than the Hubble can. Some other 
projects, such as observing To during 
the first and closest encounter, measur¬ 
ing magnetospheric phenomena at very 
high time resolutions, or malting a mo¬ 
tion picture of, say, the Great Red Spot, 
will not be possible without the high- 
gain antenna and the tape recorder. 

One can never say what might have 
been discovered by the broad, sweeping 
look at the Jovian system that was orig¬ 
inally envisaged. But the Galileo team 
has already demonstrated that it can 
make remarkable discoveries by clever 
use of extremely low bit rates. I estimate 
that at least 50 percent of the mission's 
objectives will be met even if the tape 
recorder cannot be used as previously 
envisioned, and l eagerly anticipate 
some fascinating surprises. From these 
new' data will flow the understanding 
and questions to fire the imaginations 
of the next generation of explorers. 
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Cystic Fibrosis 

The genetic defects underlying this lethal disease 
have now been shown to eliminate or hobble a critical channel 
through which a constituent of salt enters and leaves cells 


by Michael J. Welsh and Alan E. Smith 


W oe to that child which when 
kissed on the forehead tastes 
salty , He is bewitched and soon 
must die . This adage, from northern 
European folklore, is an early reference 
to the common genetic disease recog¬ 
nized today as cystic fibrosis* As the 
saying implies, the disorder once rou¬ 
tinely killed children in infancy and is 
often identifiable by excessive salt in 
sweat* A salty brow is one of the more 
benign manifestations. The inherited 
genetic abnormality can also destroy the 
lungs and cause serious impairment of 
the pancreas, intestines and liver. Ad¬ 
vances in therapy over the past few de¬ 
cades have brightened the outlook for 
afflicted children, enabling more than 
half of them to survive into their late 
twenties or beyond. But none of the ap¬ 
proved treatments can yet correct the 
biochemical abnormality at the root of 
the condition, and none can remove 
the specter of an early death. 

Hoping to do better, investigators be¬ 
gan trying in the early 1980s to identify 
the specific genetic derangement that 
gives rise to cystic fibrosis. After almost 
a decade of struggle, they isolated the 
affected gene and pinpointed the muta¬ 
tion that most often leads to the dis¬ 
ease* At the time, they could only guess 
at the gene's normal function that is, 
at the role played by the protein pro¬ 
duced from the healthy DNA. Since 
then, in an exciting series of discoveries, 
researchers have learned that the pro¬ 
tein serves as a channel through which 
chloride, one component of salt, enters 
and leaves ceils. They also have ex¬ 
plained how damage to the gene blocks 
chloride transport, and they are explor¬ 
ing how the loss of chloride movement 
brings on the overt signs of cystic fi¬ 
brosis. As was hoped, such findings are 
suggesting new ideas for therapy, some 
of which may one day cure the disorder. 

The molecular advances that have led 
to this promising moment in medical 
history could not have been achieved 
without the pioneering efforts of physi¬ 
cians, many of whom gleaned their ini¬ 


tial understanding of cystic fibrosis at 
the bedside. Indeed, for decades, clini¬ 
cal research yielded more information 
about the nature of the disease than 
did biochemical investigation. 

One of the first major contributions 
came in 1938 from Dorothy H. Ander¬ 
sen of Columbia University. After per¬ 
forming autopsies on infants and chil¬ 
dren and reviewing the youngsters' case 
histories, Andersen provided the first 
comprehensive description of the symp¬ 
toms of cystic fibrosis and of the chang¬ 
es produced in organs. Those changes, 
she noted, almosi always included de¬ 
struction of the pancreas (even in in¬ 
fants) and, often, infection of and dam¬ 
age to the Lung airways. Andersen also 
gave the disease its name, calling it 
"cystic fibrosis of the pancreas," on the 
basis of microscopic features she ob¬ 
served in pancreatic tissue. 

By the late 1940s physicians had Fur¬ 
ther realized that ductal systems and 
other passageways in the organs affect¬ 
ed by cystic fibrosis generally become 
clogged with unusually thick secretions. 
In the pancreas, for instance, ducts that 
deliver digestive enzymes to the intes¬ 
tines almost always become occluded, 
impairing the body's ability to break 
down food and extract nutrients from it. 

In the lung it is the bronchial tubes 
and bronchioles that become obstruct¬ 
ed. Those passages are usually bathed 
by a thin layer of mucus Lhai traps in¬ 
haled particles and carries them to the 
throat for removal* But in patients with 
cystic fibrosis, the mucus is excessively 
thick and resistant to removal. This 
change by itself can narrow air pas¬ 
sages and impair breathing. Moreover, 
when bacteria remain in the air passag¬ 
es, they can establish infections readily. 
These infections, which tend to recur, 
harm lung tissue by recruiting immune 
cells that secrete injurious chemicals 
and enzymes. As time goes by, chronic 
infection progressively destroys the 
bronchial passages and, together with 
the plugging of airways, ultimately leads 
to respiratory failure* 


By 1946 studies of patients had also 
revealed something about the genetics 
of cystic fibrosis. After examining the 
pattern of disease Inheritance in fami¬ 
lies, researchers deduced that cystic fi¬ 
brosis was a recessive condition, proba¬ 
bly caused by mutation of a single gene. 
If an infant inherited a damaged copy of 
the gene from both parents and there¬ 
fore made no normal molecules of the 
protein specified by l he gene, the child 
became ill; however, receipt of one good 
copy and one damaged copy did not 
produce disease. 

Cystic fibrosis is now known to be 
among the most common genetic dis¬ 
eases and to strike mostly whites. About 
5 percent of white Americans are asymp¬ 
tomatic carriers, harboring a single mu¬ 
tant version of the gene in their cells. 
One child in approximately 2,500 of 
European descent carries two defective 
copies and has the disease. In the U.S. 
such numbers translate into about 1,000 
new cases a year and a total of some 
30,000 people who live with the disor¬ 
der today. 

Help from a Heat Wave 

R oughly seven years after the inheri¬ 
tance pattern was delineated, New 
York City baked in a heat w ? ave. Hospi¬ 
tals saw a disproportionate number of 
children with cystic fibrosis, who appar¬ 
ently became dehydrated more readily 
than other youngsters. Paul di Sant’Ag- 
nese and his colleagues at Columbia 
University then found that boys and 
girls with cystic fibrosis lose an exces¬ 
sive amount of salt in sw r eat. The rea¬ 
son for the increased saltiness would 
not be discerned for many years, but 
the observation had great clinical val¬ 
ue. It resulted in development of a test 
that remains the cornerstone of diag¬ 
nosis: measurement of the chloride 
content in perspiration. 

Over the years, such clinical work has 
led to earlier, more accurate diagnosis 
and better treatments. For example, 
pancreatic failure is rarely life-threat.cn- 
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GENTLE POUNDING ON THE CHEST, or chest percussion, has 
long been a standard treatment for cystic fibrosis. The proce 
dure aims lo dear mucus from clogged airways in the lungs. 
Investigators hope that growing understanding of the molec¬ 


ular basis of the disease will lead to drug therapies that pre¬ 
vent airway obstruction in the first place. The child here is 
being tapped by her mother. The white unit on her arm de¬ 
livers intravenous antibiotics to combat infection of the lung. 


ing today because patients can replace 
their missing digestive enzymes with 
capsules taken when they eat. Now that 
the digestive problems can generally be 
controlled, the lung impairment ac- 
counts for more than 90 percent of the 
disability and death in patients with 
cystic fibrosis. Treatment options for 
the lung disease have expanded as 
well. Current therapy does indude old 
standbys called postural drainage and 
chest percussion. Patients lie so that 
their head is tilted downward; someone 
then pounds gently and rapidly on their 
back or chest—as if hitting the bottom 


of a ketchup bottle—to try to dear mu¬ 
cus from the airways. But patients also 
benefit from a range of antibiotics that 
help to control the repeated infections 
(although usually without eliminating 
them). And about two years ago anoth¬ 
er treatment became available: inhala¬ 
tion of a drug called DNase. This com¬ 
pound aims to break up mucus by di¬ 
gesting long, sticky strands of DNA 
released from dying cells. 

Research into the biochemical under¬ 
pinnings of cystic fibrosis progressed 
more slowly than did the clinical work, 
but the pace intensified in the first half 


of the 1980s. During that time, scien¬ 
tists realized that malfunction of epi¬ 
thelial tissue was at fault in every or¬ 
gan impaired by cystic fibrosis. ( An ep¬ 
ithelium is a sheet of cells that forms a 
barrier between different compartments 
of the body; such sheets, which often 
secrete mucus, line the intestines and 
many ducts.) In particular, two avenues 
of investigation revealed that the epi- 
thelia of patients with cystic fibrosis 
were relatively impermeable to chlo¬ 
ride. This discovery implied that some 
chloride-transporting channel in epi¬ 
thelial tissue was malfunctioning. 
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Organs Affected by Cystic Fibrosis 



ft ' 


AIRWAYS 

Clogging and infection of bronchial passag¬ 
es impede breathing. The infections progres¬ 
sively destroy the lungs. Lung disease ac¬ 
counts for most deaths from cystic fibrosis. 


LIVER 

Plugging of small bile ducts im¬ 
pedes digestion and disrupts liver 
function in perhaps 5 percent of 
patients. 


PANCREAS 

Occlusion of ducts prevents the 
pancreas from delivering critical 
digestive enzymes to the bowel in 
85 percent of patients. Diabetes 
can result as welL 


Obstruction of the gut by thick stool 
necessitates surgery in about 10 
percent of newborns. 


REPRODUCTIVE TRACT 

Absence of fine ducts, such as the 
vas deferens, renders 95 percent of 
males infertile. Occasionally, wom¬ 
en are made infertile by a dense 
plug of mucus that blocks sperm 
from entering the uterus. 


SWEAT 

GLAND 


SKIN 

Malfunctioning of sweat glands 
causes perspiration to contain ex¬ 
cessive salt (sodium chloride). Mea¬ 
surement of chloride in sweat is a 
mainstay of diagnosis. 


T he genetic defect underlying cystic fibro¬ 
sis disrupts the functioning of several or¬ 
gans by causing ducts or other tubes to be¬ 
come dogged, usually by thick, sticky mu¬ 
cus or other secretions. 


In one set of those investigations, Paul 
M. Quinton of the University of Califor¬ 
nia at Riverside found that tite epithelia 
lining the ducts of sweat glands failed 
to take up chloride efficiently from the 
cavity, or lumen, of the glands. This 
finding finally explained why people 
with cystic fibrosis have unusually salty 
sweat. Sweat is normally produced at 
the base of sweat glands; it then flows 
to the skin surface through a narrow 
duct. Initially the sweat Ls a solution rich 
in sodium and chloride ions—that is, 
the constituents of salt. But as the fluid 
traverses the duct, the ions escape into 
the epithelium, leaving the water be¬ 
hind. Thus, the sweat that emerges to 
coo] the skin surface is only slightly 
salty. In patients with cystic fibrosis, in 
contrast, the inability of epithelial tis¬ 
sue to absorb chloride and the conse¬ 
quent impairment of sodium absorp¬ 
tion from the duct lumen cause sweat 
to retain excess sodium and chloride 
and to become abnormally salty. 

In the other line of study, Michael R. 
Knowles and Richard C Boucher of the 
University of North Carolina at Chapel 
Hill examined the lungs. They found 
that chloride movement from epithelial 
tissue into ihe airway lumen was di¬ 
minished and that sodium uptake by 
the epithelium was enhanced. Reduced 
chloride transport has now been dem¬ 
onstrated as well in the epithelia of the 
pancreatic ducts in mice and of the in¬ 
testines in patients. 

Finally, the Gene Is Found 

A s these studies of chloride transport 
Lwere progressing, many scientists 
were engaged in an intense race to find 
the gene responsible for cystic fibrosis. 
That effort culminated in 1989, when a 
large group of collaborators, led by 
Lap-Chee Tsui and John R. Riordan of 
the Hospital for Sick Children in Toron¬ 
to and by Francis S. Collins, then at the 
University of Michigan, announced it 
had isolated the gene. Aware that the 
protein product of the gene probably 
influenced the movement of chloride 
directly or indirectly, they named the 
protein the cystic fibrosis transmem- 
brane conductance regulator (CFTR). 
While searching for the gene, the team 
also identified an abnormality in the 
DNA that appeared to account for about 
70 percent of cystic fibrosis cases. That 
aberration, often denoted as the AF508 
mutation, consists of the deletion of 
three nucleotides (DNA building blocks) 
From the gene. That loss causes the 
protein product of the gene to lack a 
single amino acid: phenylalanine at po¬ 
sition 508. 

The report w 7 as extraordinarily excit- 
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ing for everyone concerned wit±i cystic 
fibrosis; ii promised to open new vistas 
of understanding and new options for 
therapy. Nevertheless, investigators de¬ 
sired additional evidence that the cor¬ 
rect gene had been isolated. Strong sup¬ 
port could be obtained by Inserting a 
healthy version into cells from a patient 
with cystic fibrosis and thereby correct¬ 
ing the chloride transport defect* Frus- 
tratingly, workers had difficulty con¬ 
structing even a streamlined version of 
the gene. By the summer of 1990, how¬ 
ever, our colleague Richard J* Gregory 
of Genzyme Corporation had solved 
the problem. 

The two of us and our co-workers 
lost no time inserting the gene into ep¬ 
ithelial cells isolated from the airways 
of patients with cystic fibrosis. Next we 
exposed the cells to cyclic AMP, a mole¬ 
cule that normally stimulates chloride 
transport in airway epithelium but has 
no effect on tissue from patients with 
cystic fibrosis* We were thrilled to see 
that cyclic AMP now caused chloride to 
stream out of the treated cells; the gene 
had apparently made the cells normal. 
We were not alone in our delight* Col¬ 
lins and a number of his colleagues had 
obtained similar findings using different 
methods in pancreatic epithelial cells. 

The successes with cultured cells sug¬ 
gested that delivery of healthy CFTR 
genes to patients might correct their 
underlying biochemical abnormality—a 
tantalizing possibility. But we also knew, 
as will be seen, that there were many 
obstacles to attaining that goal. Mean¬ 
while another obvious problem loomed 
over the field: resolving exactly how 
the CFTR protein influenced chloride 
movement* 

What Does This Protein Do? 

T he linear sequence of amino acids 
in the protein, which was easily de¬ 
duced once the gene was isolated, of¬ 
fered some immediate clues to the pro¬ 
tein's normal behavior. Notably, the se¬ 
quence was much like that found in a 
family of proteins called traffic ATPas- 
cs or ABC transporters (because they 
carry what is known as an ATP Ending 
cassette). The similarity implied that 
the CFTR protein might also resemble 
the family in its behavior and in its 
folded, three-dimensional structure. 

The traffic ATPase family includes a 
number of proteins used by bacteria to 
pump nutrients across their cell mem¬ 
brane; it also includes the drug-resis¬ 
tance protein that unfortunately ejects 
chemotherapeutic drugs from cancer 
cells [see “Multidrug Resistance in Can¬ 
cer/ 1 by Norberi Kartner and Victor Ling; 
Scientific American, March 1989]. 
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DELETED IN MANY 
PATEENTS WITH 
CYSTIC FIBROSIS 


CYSTIC FIBROSIS GENE resides on chromosome 7 (left) and normally gives rise to 
a protein called the cystic fibrosis transmembrane conductance regulator (CFTR). 
The defect that most often leads to the disease is the deletion of three nucleotides 
from the gene (red letters in center column ); this alteration, known as the AF508 
mutation, results in the loss of one amino acid—phenylalanine at position 508—in 
the CFTR protein (right )* Phenylalanine is lost because the protem-maldiig machin¬ 
ery of the cell now sees ATT (an alternative way to encode isoleucine) at the gene 
region coding for the protein’s 507th amino add, followed by the GGT sequence 
for the glycine that normally follows phenylalanine* 



SITE OF COMMON 
PHENYLALANINE 
DELETION 


CELL MEMBRANE 


NUCLEOTIDE 
BINDING DOMAIN 


NUCLEOTIDE 

BINDING 

DOMAIN 


CHLORIDE 


PHOSPHATE 


CYTOPLASM 


REGULATORY 

DOMAIN 


- CARBOHYDRATE 


INTACT CFTR PROTEIN forms a chloride-permeable channel in the outer mem¬ 
brane of many cells. The precise structure has yet to be determined, but move¬ 
ment of chloride through the pore is known to be regulated by three cytoplasmic 
domains of the protein* Passage is allowed only when the two mideotide binding 
domains dock with and deave adenosine triphosphate (ATP) and when the regula¬ 
tory domain becomes studded with phosphate groups* 
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LUNG AFFECTED BY CYSTIC FIBROSIS NORMAL LUNG 


EPITHELIAL CELLS 


SECTION OF EPITHELIUM AND AIR PASSAGE 


Chloride is secreted into airway, and sodium is removed. 


Wet. thin mucus traps inhaled particles; cilia push mucus to throat for removal. 




CILIA 


SUBMUCOSAL GLAND 


MUCUS 


AIRWAY 


MUCUS-SECRETING 

CELLS 


— EPITHELIAL CELL 


INHALED 
. PARTICLE 


Chloride Is barred from leaving cell, and sodium uptake is enhanced. 


ABSENT OR DEFECTIVE 



Mucus becomes thick and difficult to remove. Bacteria proliferate and 
attract immune cells, which can damage healthy tissue. DNA released 
from bacteria and lung cells adds to the stickiness. 



ALTERED SUBMUCOSAL 
GLAND \ 


BACTERIA 


BACTERIA 


MOLECULAR BASIS OF LUNG DISEASE in patients who have 
cystic fibrosis is complex. In healihy individuals (top row), 
the main epithelial cells lining the airways (left panel) dis¬ 
play at least two types of channels at the surface facing the 
air passage. One—the CFTR channel (red)—releases chloride 
into the passage; the other (blue) takes up sodium. This ar¬ 


rangement somehow enables mucus made by other cells to 
remain wet, thin and easy to remove from the airways (cen¬ 
ter panel), and so the airways remain open (right panel). In 
patients with cystic fibrosis (bottom row), absence or mal¬ 
function of the CFTR channel prevents chloride movement 
(left panel) and indirectly causes cells to take up extra sodi- 


When folded, these ATPases generally 
have four main structural parts, or do¬ 
mains; two that span the membrane 
(each of which contains several trans- 
membrane segments) and two that 
dwell in the cytoplasm. The last two 
units, known as nucleotide binding do¬ 
mains, take up and cleave ATP (the nu¬ 
cleotide adenosine triphosphate) to ob¬ 
tain the energy required for pumping. 
The CFTR molecule was predicted to 
take essentially the same shape and, as 
will be seen, to have an added compo¬ 
nent residing in the cytoplasm. 

Based on the activities of the ATPas¬ 
es, some researchers favored the hy¬ 
pothesis that CFT R was an ATF-driven 
pump that actively transferred some 
substance into or out of epithelial cells; 
the transported substance then induced 
chloride transport across the cell mem¬ 


brane through a separate channel. They 
posited this complex scheme because 
no known ion channels (such as would 
be needed to move chloride more di¬ 
rectly) resembled the predicted folded 
structure of CFTR . 

A second hypothesis proposed that 
CFTR itself attached to chloride chan¬ 
nels and influenced their activity. And 
a third hypothesis held that CFTR might 
serve directly as a chloride channel 
even though its structure was unusual 
for any ion channel recognized at the 
time. In this scenario, the two mem¬ 
brane-spanning domains would form 
the pore through which chloride ions 
passed across the membrane. 

As the w r ork advanced, the data con¬ 
firmed the third idea: CFTR formed a 
chloride channel on its own. We found 
that transfer of a gene for CFTR into 


chloride-impermeable cells conferred 
the ability to move that ion. If the gene 
was first altered in ways that affected 
parts of the CFTR protein thought to 
help chloride move through the chan¬ 
nel, the channel’s affinity feu chloride 
decreased; this effect was shown by our 
colleague Matthew P. Anderson of the 
University of Iowa. Any last doubts were 
dispelled when Riordan and Ms col¬ 
leagues inserted highly purified CFTR 
proteins into artificial cell membranes 
(lipid bilayers) containing no other 
channellike proteins. Addition of the 
protein allowed the ions to travel across 
the membrane. 

Subsequent investigations clarified 
the function of the "extra” CFTR com¬ 
ponent not found m traffic ATPases. 
On the basis of certain short sequences 
within that component, the mysterious 
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BRONCHIAL TUBES AND BRONCHIOLES 

Airways stay clear for breathing. 


\ 



Airways become plugged and begin to deteriorate. 

\ % 



places the domain (opens the gate), al¬ 
lowing chloride ions to pass into the 
pore. Other analyses have demonstrat¬ 
ed that the nucleotide binding domains 
influence the activity of the channel as 
well. For ions to go through the pore, 
those domains must bind to and prob¬ 
ably cleave ATP. 

How the Mutations Make Mischief 

K nowing that the CFTR protein forms 
a chloride channel and having some 
idea of how the molecule functions 
leaves an important question still to be 
answered: Exactly how do mutations in 
the CFTR gene lead to loss of chloride 
transport? The effect of the most com¬ 
mon DNA mutation—the deletion that 
leads to omission of phenylalanine 508 
from the CFTR protein—has been the 
most extensively studied. 

This deletion engenders what is 
known as an intracellular trafficking de¬ 
fect. Many proteins, among them the 
normal CFTR molecule, are processed 
after they are synthesized. They gain 
some sugar groups in a cellular com¬ 
partment called the endoplasmic retic¬ 
ulum, after which they take up more 
sugar in the Golgi apparatus before be¬ 
ing dispatched to the cell membrane. 
The mutant protein, in contrast, fails to 
leave the endoplasmic reticulum. Its 
travel is halted presumably because the 
g quality-control system in the endoplas- 
g mic reticulum discerns that the protein 
is folded improperly. Proteins that are 
identified as defective are marked for 
degradation rather than being allowed 
to undergo further processing. 

Although the phenylalanine 508 mu¬ 
tation is the most common one, hun¬ 
dreds of others have now been iden¬ 
tified in people with cystic fibrosis. As 
is true of the 508 mutation, many of 
these changes block the protein from 
making its way to the cell membrane. 
Some prevent the CFTR protein from 
being made at all, and still others allow 
the protein to be produced and insert¬ 
ed into the cell membrane but bar the 
CFTR molecule from operating proper¬ 
ly. In the last instance, the mutations 
may forestall chloride movement by 
disrupting the function of a nucleotide 
binding domain or by introducing a 
flaw into the lining of the ion-trans¬ 
porting pore. 

In general, people whose cells carry 
two copies of the gene bearing the phe¬ 
nylalanine 508 mutation tend to have 
severe disease, probably because little 
if any of the mutated protein escapes 
from the endoplasmic reticulum. In 
people whose genes permit at least 
some CFTR to reach the cell membrane 
and to transport chloride to an extent, 


um (thick blue arrow). Then the mucus 
becomes thicker and more resistant to 
removal (center panel), and bacteria 
trapped there flourish. Together these 
changes plug the airways and lead to 
their destruction (right panel). 


segment was deduced to be a regulato¬ 
ry domain—R—whose activity in the cy¬ 
toplasm was controlled by the addition 
and removal of phosphate groups. Var¬ 
ious experiments, including those by 
our colleagues Seng H. Cheng of Gen- 
zyme and Devra P. Rich of the Universi¬ 
ty of Iowa, showed that when the R do¬ 
main lacks phosphate groups, chloride 
ions cannot flow into the channel pore. 
But when chemical changes in a cell 
(specifically, rising levels of cyclic AMP) 
cause enzymes to dot the domain with 
phosphate, the addition promotes chlo¬ 
ride movement through the pore. 

It is helpful, though overly simplistic, 
to imagine that when the regulatory do¬ 
main is not phosphorylated, it behaves 
like a gate blocking the cytoplasmic 
opening of the membrane pore. Addi¬ 
tion of the phosphates somehow dis- 


Testing Dilemmas 

N ow that many genetic muta¬ 
tions leading to cystic fibrosis 
have been pinpointed, prospective 
parents can easily find out whether 
they are likely to be carriers of the 
disease—that is, whether their cells 
silently harbor a defective copy of 
the CFTR gene. Couples can also 
learn whether an already develop¬ 
ing fetus has inherited two altered 
copies of the gene (one from each 
parent) and will thus be afflicted 
with cystic fibrosis. 

The difficulty for many people is 
deciding how to proceed once they 
receive their test results. The trou¬ 
ble arises in part because the labo¬ 
ratories that perform the genetic 
analyses do not detect every muta¬ 
tion in the CFTR gene. Consequent¬ 
ly, a reassuring negative finding 
may not fully rule out the possibili¬ 
ty that someone is a carrier or is af¬ 
fected with cystic fibrosis. (A favor¬ 
able prenatal test result will be con¬ 
clusive, however, if the fetus is 
shown to lack the specific CFTR mu¬ 
tants known to be carried by the 
parents.) Moreover, it is not yet pos¬ 
sible to predict the extent of symp¬ 
toms in a person who inherits two 
CFTR mutants; even if the inherited 
genes are usually associated with 
highly severe or less severe disease, 
such associations do not necessari¬ 
ly hold true in every individual. 

Some couples may be tempted to 
think that research will progress fast 
enough to protect children born to¬ 
day from the life-threatening lung 
damage characteristic of cystic fi¬ 
brosis. Yet medical investigations 
often hit unexpected obstacles and 
suffer setbacks before they achieve 
their ultimate goals. Hence, although 
it is probable that treatment will be¬ 
come more effective—perhaps mar¬ 
kedly so—in the coming years, no 
one can foretell exactly when cystic 
fibrosis will become significantly 
easier to manage. Prospective par¬ 
ents need to understand, therefore, 
that a child born with cystic fibrosis 
today will still have to cope with 
the disease and may not be spared 
a premature death. 

Such uncertainties render deci¬ 
sion making extremely challenging. 
This is an exciting time in cystic fi¬ 
brosis research, but it is also a trying 
one for couples caught in the gap 
between current technology and an¬ 
ticipated advances that have not yet 
become a reality.— M.J. W. and A.E.S. 
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the residual activity can make for some¬ 
what less severe symptoms. These pat¬ 
terns do not always hold, however, and 
so making predictions in individual cas¬ 
es remains problematic. Indeed, two pa¬ 
tients with exactly the same mutations 
in both copies of their CFTR gene can 
differ significantly in the extent of organ 
damage they suffer. This divergence 
arises because other genetic and envi¬ 
ronmental factors that remain poorly 
understood can probably influence the 
course of the disease. 

It is humbling to note that burgeon¬ 
ing understanding of the genetic defects 
has not yet fully explained how disor¬ 
dered chloride transport in the lung 
epithelium alters sodium transport and 
how those changes result in the accu¬ 
mulation of mucus in the bronchial pas- 



BACTERIA lhal often cause severe infec¬ 
tions in the lungs of patients with cys¬ 
tic fibrosis include Staphylococcus an 
reus (top) and Pseudomonas aeruginosa 
(bottom). Once the infections are estab¬ 
lished, they almost invariably recur. 


sages. It has also been discovered that 
submucosal glands—mucus producers 
that lie below the surface epithelium- 
produce a large amount of the CFTR 
protein. What role do these glands play 
in the disease? Scientists are further 
puzzled by the fact that the airways of 
patients with cystic fibrosis are predis¬ 
posed to infection by some bacteria 
more than by others. For instance, in¬ 
fections by Pseudomonas aeruginosa 
and Staphylococcus aureus are particu¬ 
larly common. An understanding of 
why certain organisms thrive is only 
now beginning to emerge. 

Investigators wonder as well whether 
the CFTR protein has functions beyond 
its role as a chloride channel. Among 
the possibilities being considered is that 
CFTR may help regulate chloride chan¬ 
nels distinct from CFTR, Researchers 
have also posited that the molecule 
may indirectly alter the mix of sugars 
on ihe epithelial surface in ways that 
favor colonization by certain bacteria. 

Strategies for Treatment 

I n spite of the unanswered questions, 
the knowledge gained since 1989 has 
already suggested several avenues for 
attacking cystic fibrosis. One is to com¬ 
pensate for the loss of the CFTR chlo¬ 
ride channel by increasing the activity 
of a different class of chloride channel. 
For instance, channels controlled by 
calcium ions are known to exist in the 
lumen-facing surface of epithelial cells. 
Those molecules usually fail to coun¬ 
teract the loss of the CFTR channel, 
but perhaps their chloride conductance 
can be increased artificially. This possi¬ 
bility is being tested in patients. 

One day doctors also might deliver 
purified CFTR proteins to the cells that 
need them. Studies of cells in culture 
have shown that the protein molecules 
can correct chloride flow in cells carry¬ 
ing a mutant CFTR gene. In theory, an¬ 
other tactic would be to administer 
drugs able to escort mutant CFTR mol¬ 
ecules from the endoplasmic reticulum 
through the Golgi apparatus and into 
the cell membrane. This idea seems 
worth pursuing because AF508 mutant 
CFTR proteins that become stuck in the 
endoplasmic reticulum usually function 
fairly well when experimentally insert¬ 
ed into the outer membrane of cells. At 
present, however, we know of no drugs 
that can correct the intracellular traf¬ 
ficking abnormality. A different ap¬ 
proach, not yet tested, would be to use 
drugs to increase the activity of any 
mutant CFTR channels that do find 
their way into the cell membrane. 

The treatment option attracting the 
most attention, however, is gene thera¬ 


py, which aims to deliver a normal copy 
of the CFTR gene to the cells that need 
it. If all goes well, the DNA inserted into 
target cells should direct synthesis of 
the normal CFTR protein and reverse 
the primary biochemical abnormality 
at the root of cystic fibrosis. Introduc¬ 
tion of the gene is a favored approach 
because it should replace all functions 
of the CFTR protein, including any that 
have not yet been recognized. 

The best-studied method of gene 
therapy exploits the ability of viruses 
to enter cells, bringing their DNA with 
them. We and others have paid special 
attention to adenoviruses as gene carri¬ 
ers, or vectors, because those microbes 
are naturally able to infect human air¬ 
ways but will usually produce relatively 
innocuous disease, such as the common 
cold. The adenoviruses are altered in 
two ways: certain viral genes are re¬ 
moved to prevent the virus from repro¬ 
ducing in cells and causing symptoms. 
And the excised DNA is replaced with a 
normal CF77? gene. Our group, as well 
as those of Ronald G. Cry stal, then at 
the National Heart, Lung and Blood In¬ 
stitute, and James M. Wilson, then at 
the University of Michigan, has demon¬ 
strated that such vectors can deliver the 
CFTR gene to cultured epithelial cells 
and to airway cells in animals. What is 
more, the cells use the DNA to synthe¬ 
size CFTR molecules that function as 
healthy chloride channels. 

On the basis of such experiments, 
several research groups have begun at¬ 
tempting to deliver die CFTR gene to 
patients via genetically engineered ade¬ 
novirus vectors. The aim of these early 
experiments is primarily to assess safe¬ 
ty. Even so, we and others have also 
tested the ability of a CFTR-bearing ade¬ 
novirus to correct chloride transport in 
the nasal epithelium of patients. We 
chose the nasal epithelium because it is 
similar to that of the bronchial passag¬ 
es but is easier to reach. 

Our first test was encouraging. For 
experimental purposes, we applied the 
altered virus directly to a small patch of 
epithelium in the nose. The treatment 
partially corrected chloride transport 
for a time. Since then, however, a similar 
study by us has been less successful, 
and one by another group showed no 
increase in chloride flow. These findings 
indicate that adenoviral vectors need to 
be improved substantially before they 
can serve as gene-delivery agents in 
therapy. 

Even if ways are found to increase 
the efficiency of gene delivery by the vi¬ 
ruses, another challenge would remain. 
Most cells in epithelial tissue are re¬ 
placed every’ few months. Therefore, 
gene therapy would probably have to 
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Some Strategies for Treating Lung Abnormalities 

The lung disease characteristic of cystic fibrosis can be at- versing the genetic defect at the root of the pulmonary 

tacked at many levels. Potential strategies range from re- problems to replacing a failed lung with a healthy one. 

ABNORMALITY 

APPROACH 

STATUS 

Mutation in CFTR gene 

Provide normal gene through gene 
therapy; provide normal CFTR protein 
to cells 

Gene therapy is being tested in 
preliminary clinical trials; methods for 
protein delivery are inefficient 

Defective delivery of CFTR 
protein to outer cell membrane 

Supply drugs able to escort protein to 
cell membrane of epithelial cells 

No candidate “escorts” have been 
identified 

Defective movement of chloride 
ions through CFTR channels in 
cell membrane 

Deliver drugs that increase activity of 
other classes of chloride channel 
in epithelial cells 

Such drugs are being tested 
in preliminary clinical trials 

Clogging of air passages 
by viscous mucus 

Pound back and chest to help clear 
secretions; administer DNase and 
other drugs to liquefy secretions 

Chest percussion is standard therapy; 
DNase is now in wide use, and similar 
drugs are being tested in animals 

Development of recurrent infections 
that can damage lungs 

Deliver antibiotics to destroy bacteria 
or provide antibodies (special molecules 
of immune system) to remove microbes 

Antibiotics are in wide use; antibodies 
are being tested in preliminary 
clinical trials 

Tissue damage caused by immune 
response to bacteria 

Administer drugs that reduce harmful 
effects of immune response 

Steroidal anti-inflammatory drugs are 
sometimes used; nonsteroidal anti¬ 
inflammatory agents (mainly ibuprofen) 
are being tested 

Destruction of lung 

Transplant healthy lung 

Transplantation is sometimes an option 


be administered a few times a year—at 
least until the rare, long-lived cells that 
give rise to the replacement cells can 
be induced to take up a normal CF77? 
gene permanently. Aside from inconve¬ 
nience and expense, the need for multi¬ 
ple treatments is a concern because peo¬ 
ple respond to adenoviruses by mount¬ 
ing an immune response that ultimately 
eliminates the microbes and prevents 
repeated infection. For gene therapy to 
be successful, investigators will have to 
find ways to “hide” the adenoviruses 
from the immune system or to create 


viral or other vectors that do not elicit 
an immune response. 

One appealing alternative to relying 
on viruses would be to coat the thera¬ 
peutic gene with fatly 7 molecules that 
are not recognized by the immune sys¬ 
tem but that nonetheless enable the 
DMA to enter cells. Recent studies con¬ 
ducted on human patients by Eric .41- 
ton and his co-w r orkers at the Royal 
Brampton Hospital in London suggest 
this approach can restore chloride per¬ 
meability to airway epithelium, although 
this group, like ours, has so far studied 


only nasal tissue. Moreover, delivery 7 of 
genes by nonviral systems needs to be 
made more efficient. 

Scientists have much to learn before 
they understand exaedy how loss of the 
CFTR protein leads to the manifesta¬ 
tions of cystic fibrosis. And a host of 
technical challenges must be eliminat¬ 
ed before any therapy wHI routinely 
compensate for that loss. Nevertheless, 
progress is being made on many fronts. 
It is difficult not to be optimistic that 
die ongoing work will produce improved 
therapies within the next several years. 
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The Leaning Tower of Pisa 

The famous tower has been tilting since the 12th centuiy. 
Now engineers are using 20th-centuiy technology> 
in hopes of saving the ancient landmark 




by Paolo Heiniger 



































r | 1 lie leaning tower has never really been straight. Not long after work 
began in 1173, the foundation settled unevenly, and the tower started 

JL inclining toward the north. When construction continued, afLer a 
nearly 100-year hiatus, the building shifted again, so that by 1272, it was 
visibly leaning south. Today the top of the tower is 5:227 meters off-center, 
tilting southward. 

Throughout the monument’s history, architects and engineers have at¬ 
tempted to halt the lean, but since regular monitoring began in 1911, the 
offset at the top of the tower has increased at a fairly consistent rate of 
about 1.2 millimeters each year. Fears about the safety’ of the landmark be¬ 
came acute when a similarly constructed bell tower at the Cathedral of Pa¬ 
via collapsed suddenly in 1989, Shortly thereafter the tower at Pisa was 
dosed to visitors. 

In 1990 a special commission, composed of Italian and foreign experts in 
the fields of structural engineering, geotechnical engineering, history of art 
and restoration of monuments, was brought together by the Italian govern 
ment to determine new ways to save the tower. The group I work with, the 
-Consorzio Progetto Torre di Pisa (the Tower of Pisa Project Consortium), 
has supervised several projects that have stabilized the structure and 
slowed the rate of its incline. 

Initial efforts focused on the exterior of the tower, but in the next few 
months, we plan to try other, mom radical techniques to halt the tower's lean. 
These methods will be applied directly to the soil, modifying the monument's 
footing. Large-scale held trials are now under w r ay at the Piazza del Miracoli 
(Miracle Square), where the tower stands, but all work is being done far from 
the monument itself We must guard against the possibility that altering the 
ground Loo dose to the tower could eventually damage the building. 

Our ultimate goal is not to straighten the lower. Because the structure tilt¬ 
ed in different directions during the early stages of construction, it became 
curved like a banana and will never stand truly upright Instead we hope to 
ease its top back some 10 or 20 centimeters. With luck, our efforts will keep 
the landmark standing into the next century, w hen a new generation of sci¬ 
entists will tackle the 800-year-old problem of the leaning tower of Pisa. 


PIAZZA DPI MIRACOLI in Pisa is most famous for its leaning 
tower, which was built as the bell tower for the nearby 
cathedral. In this engraving from 1829, ihe top of the monu- 
nient is about five meters off-center. 


ENGRAVED BY J, CARTER; MEASURED AND DELINEATED BY EDWARD CRESY AND GEORGE L TAYLOR 








































































LEAN OF TOWER IN 1178 


MUD, CLAY AND SANDY SOIL 


PANCONE CLAY 


CLAY 

SAND 

CLAY 


The foundation 

Layers of day and soil underneath the tower 
have compacted unevenly, leading to the 
monument's incline. The top seven meters 
or so below the structure consist of a mix¬ 
ture of mud, day and sandy soil. Below that, 
down to about 20 meters, is a band known 
locally as Pancone clay, notable for its gray- 
azure color. The sandy boundary between 
these first two layers is horizontal under 
most of the Piazza dei Miraeoli, except be¬ 
low’ the tower, where it forms a bowllike de¬ 
pression. Layers of day and sand alternate 
down to roughly 70 meters. The entire area 
of the piazza is gradually sinking, but ap¬ 
parently some spots subside more quickly 
than others. The early designers did not 
know they had chosen one of these unfortu¬ 
nate locations for the tow r er. 


SILTY SAND 


The first stage ; IJ 73-1178 

The bell tower at Pisa tilted gradu¬ 
ally during its construction, which 
took place in three stages spanning 
nearly 200 years. The first stones 
w ? ere laid in 1173, and during the 
initial stage of work, the monu¬ 
ment tilted slightly north. Evidence 
for this incline can be seen in the 
design of the tower itself: to keep 
the first few stories level, workers 
made the columns and arches of 
the third story on the sinking 
northern side just slightly taller 
than the features on the southern 
side. Political turmoil in Pisa halted 
construction in 1178, in the mid¬ 
dle of work on the fourth level. 
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The second stage: 1272-1278 

Work resumed almost 100 years 
later, in 1272, and by that time, 
the tower had tilted toward the 
south—the direction in which it 
still points today. Again, design¬ 
ers hoped to correct for the lean, 
this time by adjusting the height 
of the fifth story, making the 
southern side somewhat taller 
than the northern side. In 1278, 
with seven stories completed, 
work on the tower ceased once 
again because of political unrest. 
By 1292 the tower's tilt was so 
pronounced that a group of ma¬ 
sons was asked to investigate the 
problem—the first of many com¬ 
missions to study the tower ap¬ 
pointed over the past 700 years. 
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Eight centuries of lean 


Initially, the tower tilted toward the north, 
but for most of its history, the building 
has leaned southward. The rate of incline 
w r as sharpest during the early part of the 
14th century. Between 1911, when careful 
monitoring began, and 1990, the top of 
the tower moved at a rate of around 1.2 
millimeters a year. In 1993 recent efforts 
to modulate the rate of incline began to 
take eff ect. 
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Sealing the tower’s base 
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LEAN IN 1278 


Ihe third stage: 1360-1370 


The eighth story and final addi¬ 
tion, the bell chamber, was built 
between 1360 and 1370. Once 
more, architects attempted to 
correct for the southward lean, 
this time by angling the bell 
chamber northward. The vari¬ 
ous corrections by early design¬ 
ers can be seen best in a cross- 
sectional view of the tower 
(shown at far right}. These ef¬ 
forts, combined with the slow 
time scale of construction (which 
gave the building’s foundation 
time to compress and thereby 
gain strength to compensate for 
the slant), have so far prevented 
the tower from toppling over. 



HOLES FILLED 
WITH CEMENT 
GROUTING MIXTURE 


Historically, efforts to save the tower have 
had unintended side effects. For example, in 
1935 some thought excess water under the 
tower weakened the foundation. So workers 
attempted to seal the base of the tower to 
prevent water from seeping in from below. 
The plan involved repeatedly drilling into the 
foundation at an angle and then filling these 
holes with cement grouting mixture. The 
effect can be seen in the graph at the left: in 
1935 the rate of incline jumped lo more than 
six times the rate of the previous year. 










































































ELECTRODES FOR USE 
IN ELECTRO-OSMOSIS 
TO EXTRACT WATER FROM 
THE CLAY (PROPOSED) 


SERIES OF CABLES 
TO CONNECT CONCRETE 
RING TO A LAYER OF 
DEEP SAND (PROPOSED) 


The present international commission charged with 
saving the tower has considered many different 
techniques to stabilize the monument. For example, 
the extent of the lean places extraordinary strain 
on the southern wall, which could cause the tower 
to collapse eventually. In 1992 workers corseted 
the building’s first level with steel bands to prevent 
the fracturing of the stone masonry there. 

With this security measure in place, the author 
and his colleagues are now investigating how to ar¬ 
rest the movement of the tower. More than 750 
metric tons of lead ingots have been assembled on 
the northern side of a concrete ring that circles the 
base of the tower* These weights stopped the tower 
from leaning and brought the top of the building 
northward about 2.5 centimeters in a period of 
nine months, from June 1993 to February 1994* 


DRILLING MECHANISM 
TO REMOVE SOIL 
(PROPOSED) 


STEEL 

BANDS 


LEAD INGOTS 


CONCRETE RING 
(UNDER CONSTRUCTION) 


In June 1995 these engineers began installing another concrete 
ring around the monument. They will anchor the ring to a layer of 
sand 50 meters below ground by means of steel cables extending 
down from the northern side. The second ring will ultimately re¬ 
place the lead ingots and should exert an even greater stabilizing 
effect. The author expects that this approach will pull the top of 
the tower back at least another 2.5 centimeters* 

More aggressive techniques under consideration would alter the 
characteristics of the soil under the tower. The group is studying 
the possibility of using electro-osmosis to consolidate the layers 
of day 10 to 20 meters below the tower. Large electrodes made 
from steel pipes inserted into the ground would generate an elec¬ 
tric field in the day* This fidd would draw- water toward the elec- 
trades, enabling engineers to extract a small amount of water 
from the day under the northern part of the foundation* The lay¬ 
ers of day should compress, allowing the northern wall to sink 
slowly and become almost level with the southern w r all. Alterna¬ 
tively, sophisticated drilling methods might extract small volumes 
of soil from undcT the northern side, reducing the thickness of 
the layers and causing the tower to settle more evenly. 


Modem efforts to straighten the tower 


48 Scientific American December 1995 


TGMG N ABASH IMA 

































ttrts BAiamowA dniHd unvbnho inmvid 



jg " 1 * 

■,. - 



1 

v*k|n 




"V 


1 








1 - 



!Si 

1 cRf i 


More than 750 metric cons of 
lead have been placed on the 
northern side of the tower's 
base. The weights have pushed 
down the foundation under the 
northern wall, thereby straight¬ 
ening the tower a couple of 
centimeters. 




The Author 

PAOLO HEINIGER is the on-site director of the Tower of Pisa Project Consortium and has managed efforts 
at the monument for the past three years* He received his engineering degree From the Technical Universi¬ 
ty of Milan and has worked in Italy, the Far East, the UJC. and Scandinavia on other projects related to foun¬ 
dation engineering. Heiniger was featured in the program Scientific American Frontiers: Science , Italian Style . 
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tower or Campanile, and Campo santo at Pisa: From Drawings and Measurements Taken in the Year 181 ? t 
by Edward Cresy and George L. Taylor, published in London in 1829. The hook was made available to 
Scientific American courtesy of the Avery Architectural and Fine Arts library of Columbia University, 


The tower’s interior now houses monitoring 
equipment that can detect small shifts in the 
lean. In September, for example, scientists de¬ 
termined that in the space of two days, the top 
of the tower moved southward 0,24 millimeter. 


Bands of steel embrace the second story, 
which is in danger of collapsing because of 
the pressure exerted on this part of the mon¬ 
ument, Because of the tower's incline, much 
of its weight (14,700 metric tons) rests on 
the southern side. 
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Giant Earthquakes 
of the Pacific Northwest 

The danger of a very large earthquake striking the coast 
between northern California and British Columbia 
proves much greater than suspected 


by Roy D. Hyndman 


F ew people question Lhe possibility 
of a devastating earthquake once 
again hitting Los Angeles or San 
Francisco. The state of .Alaska has also 
suffered some serious shaking, includ¬ 
ing, in 1964, one of the world's largest 
earthquakes. Until recently, however, 


many residents believed that Lhe inter¬ 
vening territory from northernmost 
California to southern British Columbia 
(an area sometimes referred to as Cas- 
cadia) was a safer place to live. Seismol¬ 
ogists had recognized that Vancouver 
and Seattle were not exactly sheltered- 


sizable earthquakes buffeted the region 
in 1946, 1949 and 1965—but no truly 
disastrous events had ever damaged 
these cities. 

Yet views have changed drastically. 
T en years ago T homas H. Heaton of the 
U.S. Geological Survey and Garry C. Rog- 





ers of the Geological Survey of Canada 
began warning that giant earthquakes 
could Indeed strike this seemingly qui¬ 
eter stretch of coast. Initially, many sci¬ 
entists questioned the seriousness of 
the threat, but most doubters now real¬ 
ize that such earthquakes have hap¬ 
pened in the past and will do so again. 
How could perceptions have shifted so 
quickly? 

To understand the change in thinking 
requires some knowledge of the way 
seismologists estimate how and where 
powerful but infrequent earthquakes 
occur. For most active fault zones, the 
rate at which earthquakes take place 
decreases with increasing size in a sys¬ 
tematic way, as was shown in the 1930s 
by Beno Gutenberg and Charles F. Rich¬ 
ter. This regular pattern applies up to 
some maximum earthquake size—one 
that corresponds to a break of tbe en¬ 
tire fault zone from end to end. Using 
the Gutenberg-Richter relation, seismol¬ 
ogists can gauge how often large earth¬ 
quakes strike a given place even if no 
such events have ever been recorded. 


Engineers can then design buildings, 
dams and other structures accordingly. 

In a few areas, this strategy fails. Siz¬ 
able earthquakes can hit without small 
ones, presenting seismologists with a 
vexing problem: How can the danger 
from large earthquakes be reasonably 
defined? This difficulty applies to Cas- 
cadia, where one of the tectonic plates 
underlying the Pacific Ocean thrusts 
underneath the coast of western North 
America in a process termed subduc- 
tion. Although regional seismic activity 
can be quite intense in some areas in¬ 
land of this coast, no earthquakes of 
any size have been detected where most 
of the motion is seemingly focused— 
on the main thrust fault that separates 
the Juan de Fuca plate from the North 
American continent. 


In global perspective, the lack of such 
thrust earthquakes is surprising. Most 
subduction zones have experienced 
great thrust events (defined as those 
having a Richter magnitude higher than 
8) at some time. These earthquakes are 
especially concentrated around the rim 
of the Pacific Ocean in an vast band 
called the ring of fire—a name that 
comes from the lines of active volcanoes 
that he landward of where the oceanic 
crust dives into the earth's mantle. 

No Large Earthquakes? 

T here are several possible explana¬ 
tions for the absence of major sub¬ 
duction earthquakes. Although the Cas- 
cadia part of western North America has 
many of the characteristics of a subduc- 


TECTGNIC PLATE created at the Pacific's Juan de Fuca spreading center travels lat¬ 
erally (arrows indicate motion) before it dives below the western coast of North 
America, Part of the fault that separates the two tectonic plates remains locked, 
causing the continent near the coast to bend elastically as stress accumulates. 
When the fault finally releases this stored energy, a giant earthquake may ensue. 
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AI.A5KA suffered widespread devastation in 
1964, when a giant thrust earthquake struck 
on Good Friday. Much of Anchorage (fop right ) 
was damaged by the ground motion, and 
coastal sites around Seward {above) were in¬ 
undated by water and mud. The southern 
coast of Alaska still shows the effects of this 
great earthquake in the many trees killed when 
the ground subsided {bottom tight), allowing 
saltwater to drown their roots. 




don zone, the Juan de Fuca plate may 
have stopped moving toward North 
America in geologically recent times. 
Twenty years ago, when geologists first 
debated this question, my colleague at 
the Pacific Geoscience Center Robin P, 
Riddihough and T wrote an article mak¬ 
ing the case that convergence and un¬ 
derthrusting are indeed continuing. The 
work of many researchers has since 
confirmed that the Juan de Fuca plate 
has not made a sudden stop. Persuasive 
evidence for continued motion comes 
from the study of sediments lying un¬ 
derwater at the base of the continental 
slope. These muds and sands were laid 
down in the deep sea as flat layers, but 
even the most recent deposits are found 
to be highly contorted. The North Amer¬ 
ican continent, acting as a giant bull¬ 
dozer blade, has scraped them off the 
oceanic crust and left them as crumpled 
evidence of continuing subduction. 

Perhaps the most dramatic evidence 
foT ongoing subduction came in 1980 
with the volcanic eruption of Mount St. 
Helens in southwest Washington State. 
Scientists have recognized for many 


years that such volcanoes are a conse¬ 
quence of subduction. Some geologists 
had thought the Cascade volcanoes were 
dormant. But this volcanic cataclysm left 
little doubt that the Cascadia coast is 
indeed an active part of the ring of lire. 

To reconcile the plates’ convergence 
with the absence of thrust events, some 
scientists have supposed that the down¬ 
ward push below the coast involves a 
smooth, stable slide, not the jerky “stick - 
slip" behavior that generates earth¬ 
quakes. The alternative explanation is 
that the fault between them is truly 
locked (the friction being large enough 
to hold the two plates firmly together), 
so that there is not enough movement 
to generate even small earthquakes. If 
the fault is freely sliding, the chance of 
large thrust earthquakes is slim. But if 
the fault is locked, the plate conver¬ 
gence must be accommodated by the 
silent but deadly buildup of strain in 
the rocks around the fault, the mak¬ 
ings of a significant earthquake. 

The lack of substantial earthquakes 
in the historical record might at first 
seem to favor the idea that the fault is 


slipping quietly. That interpretation, 
however, neglects the brevity of the rec¬ 
ord along this coast. Only a little more 
than 200 years ago did tire explorers 
Juan Perez and James Cook first visit 
the region. The limited written history 
contrasts markedly with the span of 
Japanese records describing many large 
subduction earthquakes and the so- 
called harbor waves ("tsunamis”) that 
usually resulted from them. That de¬ 
tailed archive extends back to the sev¬ 
enth century. 

When Was the Last One? 

T o probe those times before Euro¬ 
peans arrived on these shores, re¬ 
searchers have sought traces of past 
earthquakes in the geologic record. They 
found some telltale evidence in shel¬ 
tered inlets where salt marshes form 
between high and low tide. Excavations 
of these coastal marshes uncovered a 
remarkable record. Brian F. Atwater of 
the U.S. Geological Survey was first to 
show that distinct layers below the pres¬ 
ent marsh (spaced at successive depths 
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of about a meter) contain peat that is 
made of the remains of vegetation iden¬ 
tical to the flora now living in the inter¬ 
tidal zone. He concluded that each peat 
deposit constitutes a former marsh that 
was buried when the ground abruptly 
dropped with the release of strain in a 
sizable earthquake. 

What makes his interpretation even 
more convincing is that many of the 
buried peat layers are covered by sand 
washed in by the huge tsunamis that 
rushed onto the subsided coast. Theo¬ 
retical modeling as well as preserved ge¬ 
ologic effects on the shoreline indicates 
that these waves attained heights of 10 
meters on the open coast and much 
higher still in some confined inlets. 

After the tsunamis dissipated, mud 
slowly filled the subsided region, and 
the marsh vegetation returned. Thus, 
the repeated sequences of peat, sand 
and mud dearly demonstrate that large 
earthquakes have plagued the region in 
the past. But how long ago were these 
prehistoric upheavals? The ages of the 
peat layers are difficult to determine 
precisely, but coastal fir trees have been 
found that were drowned by the ocean 
after the land abruptly subsided. By ex¬ 
amining growth rings and measuring 
radiocarbon in these trees, researchers 
have estimated that they died in the last 
great earthquake, which hit the area 
about 300 years ago. Before that, simi¬ 
lar events struck at irregular intervals 
of about 500 years. 

This condusion is also supported by 
unusual deposits found far out on the 
floor of the ocean. Sdentists at the Uni¬ 
versity of Oregon have sampled seafloor 
sediments in long core tubes and found 
fine-grained muds alternating with sand¬ 
ier layers. Mud is typical of the deep sea 
bottom; it accumulates from the slow, 
continuous rain of fine sediment set¬ 
tling from the ocean above. The sand¬ 
ier sediments, however, are strange to 
find far from shore, John Adams of the 
Geological Survey of Canada provided 
an explanation: energetic earthquakes 
could have triggered huge submarine 
landslides that carried coastal sedi¬ 
ments down the continental slope and 
out onto the deep ocean floor. 

The timing of the events is hard to 
judge from the sediments, but a pecu¬ 
liar deposit found near the base of some 
of the cores gives an important clue. 
This layer contains volcanic ash from the 
eruption of the former Mount Mazama 
in Oregon (now known as Crater Lake), 
That colossal explosion—similar to the 
recent Mount St, Helens blast—hap¬ 
pened 7,700 years ago. Assuming thai 
the rain of mud onto the seafloor was 
steady, the chronology for these earth¬ 
quakes proves similar to the results 


from coastal peat deposits. The most 
recent event happened about 300 years 
ago, and the 12 previous submarine 
landslides were separated by 300 to 900 
years. 

A clever strategy' may pinpoint the 
time of the most recent earthquake even 
more precisely. Tsunamis generated by 
Cascadia earthquakes with magnitudes 
near 9 should be large enough to be no¬ 
ticed in Japan even after traveling across 
the Pacific Ocean. Recognizing this Fact, 
Kenji Satake and his colleagues at the 
Geological Survey of Japan think they 
have found the written record: a two- 
meter-high tsunami that washed onto 
the coast of Honshu nearly 300 years 
ago. After correcting for the time the 
wave would have taken to travel to Ja¬ 
pan (and The time zone change), Satake 
determined that the earthquake oc¬ 
curred along the North American coast 
on January 26, 1700, at about 9 p.m. 

Remarkably, that detective work 
agrees with reports of a disaster pre¬ 
served in the oral history of the origi¬ 
nal residents of British Columbia. My 
colleague Rogers found what may be a 
description of this event in the provin¬ 


cial archives in Victoria. Native tradition 
records that an earthquake struck Pa- 
chena Bay on the west coast of Vancou¬ 
ver Island one winter night; in the morn¬ 
ing the village at the head of the bay 
was gone. Gary' A, Carver of Humboldt 
State University uncovered a similar ac¬ 
count in the unwritten lore of northern¬ 
most California. Thus, native stories, 
Japanese writings and sedimentary de¬ 
posits all point to the inevitable conclu¬ 
sion that giant earthquakes do in fact 
haunt the Cascadia coast. 

The Great Earthquake Cycle 

I ike all earthquakes, large subduction 
j zone events prove complex when 
considered in detail. The basic process, 
however, follows the simple “elastic re¬ 
bound” theory first developed for the 
notorious San Andreas fault In Califor¬ 
nia. According to this concept, ongoing 
movement between two plates com¬ 
presses and bends the crust as stress 
accumulates. Contrary to the illusion of 
the earth being made of rigid and solid 
rock, the contraction is nearly elastic. If 
not squeezed too much, the earth acts 


BEFORE EARTHQUAKE UPLIFT 



AFTER EARTHQUAKE 


SEDIMENT INFILL 



FLEXING like a hoard bent over the edge of a table, the North American plate de¬ 
velops an inland bulge as its western margin is pulled downward by the oceanic 
slab (top}. After an earthquake releases the stress, the bulge collapses (middle), 
forcing much of the coastal region to subside and fill with sediment (bottom). 
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BURIED PEAT (brown layer ai right) lying below coastal marshes attests to a past 
earthquake. Such deposits formed when the surface of the land dropped suddenly, 
and tsunamis washed into the subsided region, burying the intertidal vegetation in 
sand. Mud then filled the remaining depression before plants once again estab¬ 
lished themselves on the new surface. A series of peat layers lie below. 


TSUNAMIS generated from giant earthquakes in western North America would be 
large enough 10 travel across the Pacific and strike japan. The wave that washed 
over the island of Honshu in January' 1700 may have had such a distant origin. 


Historical Precedents 

T he native Yurok people who occupied the coastal re¬ 
gion personified natural powers such as earthquakes 
and thunder in their lore. This excerpt from an interview 
recorded by A. L Kroeber in Yurok Myths describes what 
perhaps were relatively recent earthquakes: 

And from there [Earthquake and Thunder] went 

south *... They went south first and sank the ground_ 

Every little while there would be an earthquake, then 
another earthquake, and another earthquake— And 
then the water would fill those [depressed] places — 
“That is what human beings will thrive on,” said Earth¬ 
quake. "For they would have no subsistence if there 
were nothing for the creatures [of the sea] to live in. For 
that is where they will obtain what they will subsist on, 
when this prairie has become water, this stretch that 
was prairie: there will be ocean there."... “Yes, that is 
true. That is true. That is how they will subsist,” said 
Thunder. "Now go north." Then they went north to¬ 
gether and did the same: they kept sinking the ground. 
The earth would quake and quake and quake again. 
And the water was flowing all over 


NOOTKA of Vancouver Island 
and oilier Native American tribes 
of the region were susceptible to 
tsunami disasters. 


like a gigantic piece of rubber. Eventu¬ 
ally, however, the tectonic forces be¬ 
come so extreme that they exceed the 
hold of friction along the fault. The sur¬ 
face slips abruptly, and the elastic en¬ 
ergy that was stored over many years 
radiates outward as ground-shaking 


earthquake waves. The fault then locks 
once more, and the cycle of tectonic 
stress buildup and release resumes. 

Along the Cascadia subdue lion zone, 
the oceanic Juan dc F-’uca plate encroach¬ 
es on North .America by about 40 milli¬ 
meters a year. This progress may seem 


slow, but it represents a considerable 
shortening—about 20 meters in a typi¬ 
cal 500-year-long stretch between giant 
earthquakes. The motion is taken up by 
elastic shortening distributed across a 
swath several hundred kilometers wide. 
But the tectonic stresses cause more 
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than just horizontal contraction—the 
ground moves vertically* too. As the 
oceanic plate dives under the coast* it 
drags the seaward nose of the conti¬ 
nent downward and causes parts of the 
North American plate further inland to 
flex upward; this process mimics the 
bending of a long board over the edge 
of a table—as the front is forced down, 
a bulge forms behind. When a large 
earthquake breaks the locked fault* the 
seaward part of the continent springs 
back* and the bulge collapses. The 
abrupt rise of the outer continental 
shelf generates tsunamis, and the sud¬ 
den fall of the “flexural bulge" centered 
near the coast causes the drop that 
buries intertidal salt marshes. 

The position of the locked zone 
proves especially important because 
this surface becomes the source of seis¬ 
mic-wave energy when the fault even¬ 
tually gives way in an earthquake* The 
landward limit of the earthquake source 
zone affects how closely the earthquake 
will impinge on the larger population 
centers; the seaward edge controls 
where tsunamis will develop. The total 
width of the source zone influences the 
seismic hazard because it sets the max¬ 
imum size of the earthquake. 

Scientists can determine the extent 
of the locked zone from the form of 
crustal deformation. If the locked zone 
is narrow, extending only a short dis¬ 
tance down the inclined fault* the region 
of elastic bending will also be quite re¬ 
stricted. Conversely, if the locked zone 
runs appreciably farther down* the 
bending deformation will reach a long 
distance inland. Land surveying can 
thus help to map out the earthquake 
hazard. The rates of deformation are 
only a few millimeters a year, but they 
can be resolved with modem surveying 
techniques if the measurements are ap¬ 
plied with exceptional care. 

Watching the Strain Build Up 

S everal different kinds of observa¬ 
tions repeated over time define how 
the Cascadia margin is currently de¬ 
forming. Geophysicists can follow the 
horizontal shortening of the coastal re¬ 
gion by measuring, for example* the dis¬ 
tance between surveyors 1 benchmarks 
on mountaintops using a laser ranging 
device. This feat requires a good deal of 
care and plenty of clear sky (not com¬ 
mon in the rainy West Coast mountains)* 
Using this technique, James C Savage 
and his colleagues at the U,S. Geologi¬ 
cal Survey first reported in 1981 that 
the crust near Seattle was shortening 
perpendicular to the coast. They con¬ 
cluded that strain was building toward 
an appreciable earthquake* 


Some survey methods are sufficient¬ 
ly sensitive to vertical motion* The most 
simple of these, known as leveling, em¬ 
ploys the same technique one sees be¬ 
ing used along highways* Surveyors take 
sightings on calibrated rods to measure 
the difference in elevation between two 
places* By combining the measured off¬ 
sets, surveyors can determine relative 
heights throughout a network of con¬ 
nected points spread over large dis¬ 
tances* Repeated surveys after several 
years yield the uplift or subsidence of 
one position with respect to another* 
The Geodetic Survey Canada has, for 
instance* carried out several surveys of 


exceptional accuracy specifically to 
study earthquake-related uplift* One of 
these field experiments tracked back 
and forth across the width of Vancouver 
Island (about 100 kilometers each way) 
in a series of sightings, each of 100 me¬ 
ters or so. The complete circuit had a 
total vertical error limited to only one 
centimeter. 

Another method makes use of tide 
gauges that track the level of the sea 
relative to coastal bedrock. The primary 
purpose of these devices is to monitor 
the ocean, but surprisingly, with gauges 
that have been recording for 20 years or 
more, it is possible to use the average 
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CONVERGING PLATES are locked together over a confined region of the thrust 
fault under the coast The extent of this locked zone is limited on its western side 
because clays deposited on the surface of the downgoing oceanic crust help to lu¬ 
bricate the fault To the east, the locked zone gradually fades to the point where 
the deeply buried fault slides freely because of elevated temperatures* 
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DEFORMING CRUST changes shape extremely slowly, but careful mea¬ 
surements can track the subtle movements of the ground. Using a la¬ 
ser range finder between mountain tops (top), scientists were able to 
measure horizontal contraction in the region more than a decade ago, 
but modern instruments that use the Global Positioning System of sat¬ 
ellites {left) have eased the task of conducting precision surveys. 


level of the sea surface as a reference 
and to trace subtle vertical shifts of the 
land. The record must, of course, be 
long enough to smooth over tides and 
other oceanographic variations, such as 
El Nino, that can endure for years. One 
also needs to account for the steady 
global rise in sea level (of about two 
millimeters per year) and to correct for 
postglacial rebound, the slow but con¬ 
tinuing rise of crust initially pushed 
downward under the weight of glaciers 
from the last ice age. 

Yet a third way to detect vertical mo¬ 
tion is by using gravity, a force that var¬ 
ies with the square of the distance from 
the center of the earih. Although it is 
impossible for people to sense the slight 
shifts in their weight when they change 
altitude, sensitive instruments can regis¬ 
ter these variations. By repeatedly mea¬ 
suring gravity at one spot every few 
years, geophysicists have been able to 
estimate the rate of coastal uplift. 

During the past few years, the satel¬ 
lite-based Global Positioning System 
(GPS) has permitted scientists to mea¬ 
sure distances and vertical offset be¬ 
tween sites spaced hundreds of kilo¬ 
meters apart. Herb Dragert and Michael 
Schmidt of Lhe Geological Survey of 
Canada have used GPS to show that ev¬ 
ery year coastal Victoria shifts nearly a 
centimeter closer to Penticton (a locale 
some 300 kilometers inland). GPS is ac¬ 


curate and inexpensive and in the fu¬ 
ture may prove the most effective tech¬ 
nique for keeping track of the subtle 
bending and squeezing of the earth’s 
crust that leads to earthquakes. 

All these methods give similar results: 
the Cascadia margin currently rises by 
one to four millimeters a year, and it 
also contracts horizontally by several 
centimeters every year. This deforma¬ 
tion-direct evidence that the emst is 
being squeezed be tween converging 
plates—registers the slow but relentless 
accumulation of strain that is building 
toward the next catastrophic release. 

A Troublemaker Locked Up 

B ecause knowing the position of the 
locked part of a fault is so critical to 
defining earthquake risk, my colleagues 
at the Pacific Geoscience Center and I 
have tried to determine the extent of the 
locked zone by comparing survey mea¬ 
surements with mathematical models 
of the deformation. Fitting the obsensa¬ 
tions to theory allowed us to map the 
width of the locked zone deep below 
the earth's surface. The actual situation 
is somewhat more complex than this 
simple conceptualization: at lhe deep¬ 
er, landward boundary of the locked 
zone, there is a gradual transition be¬ 
tween areas that are rigidly locked and 
those that are completely free-sliding. 


The comparison between our data 
and models shows that for most of the 
Cascadia coast the locked zone is re¬ 
stricted to a swath 50 to 100 kilometers 
across that runs underneath the conti¬ 
nental shelf. (It widens considerably 
only near the coast of northern Wash¬ 
ington.) This surface represents a huge 
fauil area with potential for enormous 
earthquakes. Yet, curiously, it is unusu¬ 
ally narrow r compared with other sub¬ 
due tion zones. 

Such differences prompted us to ex¬ 
amine which attributes of the geology 
influence the width of the locked zone. 
Many factors may contribute, but tem¬ 
perature plays a dominant role. For ex¬ 
ample, the day-rich sediments that 
blanket the oceanic plate may act to lu¬ 
bricate the seaward, “up-dip” edge of 
the fault; as the ooze becomes more 
deeply buried, however, the clays chem¬ 
ically alter into stronger minerals that 
prevent the fault from sliding. This 
change happens at a depth of 10 kilo¬ 
meters or so, where the temperature 
reaches about 150 degrees Celsius. 

Temperature also appears to control 
the landward, “down-dip” limit of the 
locked zone. At moderate temperatures 
the rocks show normal frictional behav¬ 
ior. That is, the large initial resistance 
to motion drops to a lesser level once 
the fault begins to slip. So, once sliding 
starts, runaway release of the stored 
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DISTANCE FROM BASE OF CONTINENTAL SLOPE 
(KILOMETERS) 

COASTAL UPLIFT in Cascadia is documented by repealed leveling surveys (dots). 
The data match theoretical predictions (solid line ) for the bending of the North 
American plate and serve to locate the locked part of the subducdon fault. 


elastic energy—an earthquake—ensues. 
But lower in the mist, where the tem¬ 
perature exceeds about 350 degrees C, 
the rocks lining the fault surface should 
behave more like a viscous fluid-fast¬ 
er motion meets with increasing resis¬ 
tance. Hence, the deeper, hotter parts of 
the fault are apt to creep along slowly 
without generating any seismic waves. 

How well do these temperature limits 
correspond to the actual boundaries of 
the locked zone? My colleagues and 1 
have tried to provide the answer by us¬ 
ing our computer models to calculate 
temperatures on the subduction thrust 
fault. The results of that work confirmed 
what we had surmised. The depth on 
the fault where the rocks reach 350 de¬ 
grees C agrees well with the down-dip 
limit of the locked zone as determined 
from the measurements of deformation. 

One important question remains: 
Does the locked zone that we have cal¬ 
culated truly correspond to the source 
area for large subduction earthquakes? 
We believe it does because the vertical 
drop we predict for a rupture of the 
locked zone matches what has been ob¬ 
served in the buried coastal marshes. 
Further support comes from our efforts 
to apply the same techniques to other 
subducting margins. My colleague Ke- 
lin Wang and I, along with Makoto Ya- 
mano of the University of Tokyo, have 
shown that the width of the present 
locked zone on the Nankai margin of 
southwest Japan corresponds well to 
the rupture areas of the magnitude 8 
earthquakes that struck there in the 
1940s. So we can be confident that our 
models for Cascadia are telling us about 
the kind of devastating earthquakes that 
will eventually strike along the North 
American coast. 

When the Big One Hits 

H ow' intensely would the ground 
shake at the major West Coast cit¬ 
ies during a giant subduction earth¬ 
quake? The answer rests on the exact 


earthquake magnitude as well as on the 
position of the seismic source zone. The 
maximum magnitude that a Cascadia 
earthquake could achieve depends on 
just how far along the coast the fault 
releases. Simultaneous rupture of the 
entire stretch from British Columbia to 
California would be surprising because 
such extended breaks have been rare 
anywhere in the world. Yet some evi¬ 
dence points to a failure of this size hav¬ 
ing occurred during the Cascadia earth¬ 
quake of 1700. If the total locked zone 
(an area of nearly 100,000 square kilo¬ 
meters) releases at once, a giant earth¬ 
quake of magnitude 9 could result- 
much larger, for example, than the cata¬ 
strophic San Francisco earthquake of 
1906. There have been only two events 
of this size ever recorded: an earthquake 
along the coast of Chile in 1960 and the 
other in southern Alaska in 1964. 

Seismologists can estimate the 
amount of ground motion that might 
come from such Cascadia earthquakes 
in two ways. One approach is to com¬ 
pare the situation along North Ameri¬ 
ca's western coast with earthquakes that 
have occurred elsewhere. The other 


method is to use rather complicated 
theoretical models of the seismic rup¬ 
ture area and slip displacement. Either 
way the conclusions are similar. The 
next great earthquake in Cascadia will 
generate extremely large seismic waves 
lasting for as long as several minutes. 
After the shaking ceases, most coastal 
sites will be one to two meters lower 
and five to 10 meters seaward of where 
they started. 

Fortunately, the locked part of the 
fault that would generate such earth¬ 
quakes lies primarily under the conti¬ 
nental shelf and extends little, if at all, 
below the coast. Hence, Vancouver, Se¬ 
attle and Portland (which sit 100 to 200 
kilometers inland) are subject to less 
severe shaking than sites near the out¬ 
er western coast. Nevertheless, the seis¬ 
mic energy from such violent earth¬ 
quakes radiates for a considerable dis¬ 
tance, so the danger to those cities is 
still substantial. U.S. and Canadian res¬ 
idents of this Pacific coastal region who 
had imagined they lived on quiet ground 
will indeed have to leam to accept the 
threat of a giant earthquake upheaval 
happening at any moment. 
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How Breast Milk 
Protects Newborns 

Some of the molecules and cells 
in human milk actively help 
infants stave off infection 


by Jack Newman 


D octors have long known that infants who are breast¬ 
fed contract fewer infections than do those who are 
given formula. Until fairly recently, most physicians 
presumed that breast-fed children fared better simply be¬ 
cause milk supplied directly from the breast is free of bac¬ 
teria, Formula, which must often be mixed with water and 
placed in bottles, can become contaminated easily. Yet even 
infants who receive sterilized formula suffer from more 
meningitis and infection of the gut, ear, respiratory tract 
and urinary tract than do breast-fed youngsters. 

The reason, it turns out, is that mother’s milk actively 
helps newborns avoid disease in a variety of ways. Such as¬ 
sistance is particularly beneficial during the first few months 
of life, when an infant often cannot mount an effective im¬ 
mune response against foreign organisms. And although it 
is not the norm in most industrial cultures, UNICEF and the 
World Health Organization both advise breast-feeding to 
“two years and beyond,” Indeed, a child's immune response 
does not reach its full strength until age five or so. 

All human babies receive some coverage in advance of 
birth. During pregnancy, the mother passes antibodies to 
her fetus through the placenta. These proteins circulate in 
the infant's blood for weeks to months after birth, neutral¬ 
izing microbes or marking them for destruction by phago¬ 
cytes—immune cells that consume and break down bacte¬ 
ria, viruses and cellular debris. Bu! breasi-fed infants gain 
extra protection from antibodies, other proteins and im¬ 
mune cells in human milk. 

Once ingested, these molecules and cells help to prevent 
microorganisms from penetrating the body's tissues. Some 
of the molecules bind to microbes in the hollow space (lu¬ 
men) of the gastrointestinal tract. In this way, they block 
microbes from attaching to and crossing through Lhe mu¬ 
cosa—the layer of cells, also known as the epithelium, that 
lines the digestive tract and other body cavities. Other mol¬ 
ecules lessen the supply of particular minerals and vita¬ 
mins that harmful bacteria need to survive in the digestive 
tract. Certain immune cells in human milk are phagocytes 
that attack microbes directly. Another set produces chemi¬ 
cals that invigorate the infant’s own immune response. 

Breast Milk Antibodies 

A ntibodies, which arc also called immunoglobulins, take 
l five basic forms, denoted as IgG, IgA, IgM, IgD and IgE, 
All have been found in human milk, but by far the most 
abundant type is IgA, specifically the form known as secre¬ 
tory IgA, which is found in great amounts throughout the 



AFTER INGESTING A MICROBE ( left), a new mother manufac¬ 
tures antibody molecules termed secretory IgA that enter 
breast milk (center) and help to protect the breast-fed baby 
from pathogens in its environment (right). More specifically, a 
microbe is taken up by the mother’s M cells (inset at left )— 
specialized cells in the epithelial lining of the digestive tract— 
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gut and respiratory system of adults. 
These antibodies consist of two joined 
IgA molecules and a so-called secretory 
component that seems to shield the 
antibody molecules from being degrad¬ 
ed by the gastric acid and digestive en¬ 
zymes in the stomach and intestines. 
Infants who are bottle-fed have few 
means for battling ingested pathogens 
until they begin making secretory IgA 
on their own, often several weeks or 
even months after birth. 

The secretory IgA molecules passed 
to the suckling child are helpful in ways 
that go beyond their ability to bind to 
microorganisms and keep them away 
from the body's tissues. First, the col¬ 
lection of antibodies transmitted to an 


infant is highly targeted against patho¬ 
gens in that child's immediate surround¬ 
ings. The mother synthesizes antibodies 
when she ingests, inhales or otherwise 
comes in contact with a disease-causing 
agent. Each antibody she makes is spe¬ 
cific to that agent; that is, it binds to a 
single protein, or antigen, on the agent 
and will not waste time attacking irrel¬ 
evant substances. Because the mother 
makes antibodies only to pathogens in 
her environment, the baby receives the 
protection it most needs—against the 
infectious agents it is most likely to en¬ 
counter in the first weeks of life. 

Second, the antibodies delivered to the 
infant ignore useful bacteria normally 
found in the gut. This flora serves to 


crowd out the growth of harmful organ¬ 
isms, thus providing another measure 
of resistance. Researchers do not yet 
know r how the mother's immune sys¬ 
tem knows to make antibodies against 
only pathogenic and not normal bacte¬ 
ria, but whatever the process may be, it 
favors the establishment of "good bac¬ 
teria” in a baby's gut. 

Secretory IgA molecules further keep 
an infant from harm in that, unlike 
most other antibodies, they ward off 
disease without causing inflammation— 
a process in which various chemicals 
destroy microbes but potentially hurt 
healthy tissue. In an infant’s developing 
gut, the mucosal membrane is extreme¬ 
ly delicate, and an excess of rhese 



and passed to immune cells known as macrophages. The 
macrophages break down the pathogen and display frag¬ 
ments of it (antigens) to other immune cells called helper T 
lymphocytes, which secrete chemicals that activate still oth¬ 
er immune cells, B lymphocytes. The B cells, in turn, mature 
into so-called plasma cells that travel to epithelial tissues in 


the breast and release antibodies (inset at center). Some of 
these molecules enter the milk and are swallowed by the 
baby. In the infant's digestive tract (inset at rights the anti¬ 
bodies, which are protected from breakdown by a so-called 
secretory component, prevent microorganisms from pene¬ 
trating the baby's gut. 
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Immune Benefits of Breast Milk at a Glance 

Component 

Action 

White Blood Cells 

B lymphocytes 

Give rise to antibodies targeted against 
specific microbes. 

Macrophages 

Kill microbes outright in the baby's gut, produce 
lysozyme and activate other components of the 
immune system. 

Neutrophils 

May act as phagocytes, injesting bacteria in 
baby's digestive system. 

Tlymphocytes 

Kill infected cells directly or send out chemical 
messages to mobilize other defenses. They pro¬ 
liferate in the presence of organisms that cause 
serious illness in infants. They also manufacture 
compounds that can strengthen a child's own 
immune response. 

Molecules 

Antibodies of 
secretory IgA class 

Bind to microbes in baby’s digestive tract and 
thereby prevent them from passing through 
walls of the gut into body's tissues. 

B l2 binding protein 

Reduces amount of vitamin S which bacteria 
need in order to grow. 

Bifidus factor 

Promotes growth of Lactobacillus bifidus, a 
harmless bacterium, in baby's gut. Growth of 
such nonpathogenic bacteria helps to crowd out 
dangerous varieties. 

Fatty acids 

Disrupt membranes surrounding certain viruses 
and destroy them. 

Fibronectin 

Increases antimicrobial activity of macrophages; 
helps to repair tissues that have been damaged 
by immune reactions in baby's gut. 

Gamma-interferon 

Enhances antimicrobial activity of immune cells. 

Hormones and 
growth factors 

Stimulate baby's digestive tract to mature more 
quickly. Once the initially “leaky" membranes 
lining the gut mature, infants become less 
vulnerable to microorganisms. 

Lactoferrin 

Binds to iron, a mineral many bacteria need 
to survive. By reducing the available amount 
of iron, lactoferrin thwarts growth of 
pathogenic bacte ria. 

Lysozyme 

Kills bacteria by disrupting their cell walls. 

Mucins 

Adhere to bacteria and viruses, thus keeping 
such microorganisms from attaching to 
mucosal surfaces. 

Oligosaccharides 

Bind to microorganisms and bar them from 
attaching to mucosal surfaces. 


chemicals can do considerable damage. 
Interestingly! secretory IgA can prob¬ 
ably protect mucosal surfaces other than 
those in the gut. In many countries, 
particularly in the Middle East, western 
South America and northern Africa, 
women put milk in their infants* eyes 
to treat infections there. I do not know 
if this remedy has ever been tested sci¬ 
entifically, but there are theoretical rea¬ 
sons to believe it would work. It proba¬ 
bly does work at least some of the time, 
or the practice would have died out. 

An Abundance of Helpful Molecules 

S everal molecules in human milk 
besides secretory IgA prevent mi¬ 
crobes from attaching to mucosal sur¬ 
faces. Oligosaccharides, which are sim¬ 
ple chains of sugars, often contain do¬ 
mains that resemble the binding sites 
through which bacteria gain entry into 
the cells lining the intestinal tract. Thus, 
these sugars can intercept bacteria, 
forming harmless complexes that the 
baby excretes. In addition, human milk 
contains large molecules called mucins 
that include a great deal of protein and 
carbohydrate. They, too, are capable of 
adhering to bacteria and viruses and 
eliminating them from the body. 

The molecules in milk have other 
valuable functions as well. Each mole¬ 
cule of a protein called lactoferrin, for 
example, can bind to two atoms of iron. 
Because many pathogenic bacteria thrive 
on iron, lactoferrin halts their spread by 
making iron unavailable. It is especially 
effective at stalling the proliferation of 
organisms that often cause serious ill¬ 
ness in infants, including Staphylococ¬ 
cus aureus . Lactoferrin also disrupts the 
process by which bacteria digest carbo¬ 
hydrates, further limiting their growth. 
Similarly, B| 2 binding protein, as its 
name suggests, deprives microorgan¬ 
isms of vitamin B 12 . 

Bifidus factor, one of the oldest 
known disease-resistance factors in hu¬ 
man milk, promotes the growth of a 
beneficial organism named Lactobacil¬ 
lus bifidus- Free fatty acids present in 
milk can damage the membranes of en¬ 
veloped viruses, such as the chicken 
pox virus, which are packets of genetic 
materia) encased in protein shells. In¬ 
terferon, found particularly in colos¬ 
trum the scant, sometimes yellowish 
milk a mother produces during the first 
few days after birth—also has strong 
antiviral activity. And fibronectin, pres¬ 
ent in large quantities In colostrum, can 
make certain phagocytes more aggres¬ 
sive so that they will ingest microbes 
even when the microbes have not been 
tagged by an antibody. Like secretory' 
IgA, fibronectin minimizes inflamma- 
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SINGLE IgA UNIT 
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SECRETORY IgA ANTIBODY, depicted schematically, consists 
of two IgA molecules “glued 1 * together by a protein fragment 
known as the J chain. The secretory element {blue) wraps 
around the joined molecules. The ellipses represent function¬ 
al domains. Each of the four arms in such antibodies contains 
an antigen binding domain. 


tion; it also seems to aid in 
repairing tissue damaged by 
inflammation. 

Cellular Defenses 

A s is true of defensive mol- 
i. ecules, immune cells are 
abundant in human milk. 

They consist of white blood 
cells, or leukocytes, that fight 
infection themselves and ac¬ 
tivate other defense mecha¬ 
nisms, The most impressive 
amount is found in colos¬ 
trum. Most of the cells are 
neutrophils, a type of phag¬ 
ocyte that normally circu¬ 
lates in the bloodstream. 

Some evidence suggests that 
neutrophils continue to act 
as phagocytes in die infant's 
gut. Yet they are less aggres¬ 
sive than blood neutrophils 
and virtually disappear from 
breast milk six weeks after birth. So 
perhaps they serve some other func¬ 
tion, such as protecting the breast 
from infection. 

The next most common milk leuko¬ 
cyte is the macrophage, which is phago¬ 
cytic like neutrophils and performs a 
number of other protective functions. 
Macrophages make up some 40 percent 
of all the leukocytes in colostrum. They 
are far more active than milk neutro¬ 
phils, and recent experiments suggest 
that they are more motile than are their 
counterparts in blood. Aside from be¬ 
ing phagocytic, the macrophages in 
breast milk manufacture lysozyme, in¬ 
creasing its amount in the infant's gas¬ 
trointestinal tract. Lysozyme is an en¬ 
zyme that destroys bacteria by disrupt¬ 
ing their cell walls. 

In addition, macrophages in the di¬ 
gestive tract can rally lymphocytes into 
action against invaders. Lymphocytes 
constitute the remaining 10 percent of 
white cells in the milk. .About 20 per¬ 
cent of these cells are B lymphocytes, 
which give rise to antibodies; the rest 


are T lymphocytes, which kill infected 
cells directly or send out chemical mes¬ 
sages that mobilize still other compo¬ 
nents of the immune system. Milk lym¬ 
phocytes seem to behave differently 
from blood lymphocytes. Those in milk, 
for example, proliferate in the presence 
of Escherichia coli, a bacterium that can 
cause life-threatening illness in babies, 
but they are far less responsive than 
blood lymphocytes to agents posing 
less threat to infants. Milk lymphocytes 
also manufacture several chemicals— 
including gamma-interferon, migration 
inhibition factor and monocyte chc- 
motactic factor—that can strengthen an 
infant's own immune response. 

Added Benefits 

S everal studies indicate that some 
factors in human milk may induce 
an infant’s immune system to mature 
more quickly than it would were the 
child fed artificially. For example, breast¬ 
fed babies produce higher levels of an¬ 
tibodies in response to immunizations. 


Also, certain hormones in 
milk (such as cortisol) and 
smaller proteins (including 
epidermal growth factor, 
nerve growth factor, insulin¬ 
like growth factor and so¬ 
matomedin C) act to close 
up the leaky mucosal lining 
of the newborn, making it 
relatively impermeable to 
unwanted pathogens and 
other potentially harmful 
agents. Indeed, animal stud¬ 
ies have demonstrated that 
postnatal development of 
the intestine occurs faster 
in animals fed their moth¬ 
er's milk. And animals that 
also receive colostrum, con¬ 
taining the highest concen¬ 
trations of epidermal growth 
factor, mature even more 
rapidly. 

Other unknown com¬ 
pounds in human milk must 
stimulate a baby's own production of 
secretory IgA, lactoferrin and lysozyme. 
All three molecules arc found in larger 
amounts in The urine of breast-fed ba¬ 
bies than in that of bottle-fed babies. 
Yet breast-fed babies cannot absorb 
these molecules from human milk into 
their gut. It would appear that the mol¬ 
ecules must be produced in the mu¬ 
cosa of the youngsters 1 urinary tract. In 
other words, it seems that breast-feed¬ 
ing induces local immunity in the uri¬ 
nary’ tract. 

In support of this notion, recent clin¬ 
ical studies have demonstrated that the 
breast-fed infant has a lower risk of ac¬ 
quiring urinary tract infections. Finally, 
some evidence also suggests that an 
unknown factor in human milk may 
cause breast-fed infants to produce 
more fibroneetin on their own than do 
bottle-fed babies. 

.All things considered, breast milk is 
truly a fascinating fluid that supplies 
infants with far more than nutrition. It 
protects them against infection until 
they can protect themselves. 
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The Puzzle of 
Conscious Experience 

Neuroscientists and others are at last plumbing one 

of the most profound mysteries of existence. But knowledge 

of the brain alone may not get them to the bottom of it 


by David J. Chalmers 


C onscious experience is at once 
the most familiar thing in the 
world and the most mysterious. 
There is nothing we know about more 
directly than consciousness, but it is 
extraordinarily hard to reconcile it with 
everything else we know. Why does it 
exist? What does it do? How could it 
possibly arise from neural processes in 
the brain? These questions are among 
the most intriguing in all of science. 

From an objective viewpoint, the brain 
is relatively comprehensible. When you 
look at this page, there is a whir of pro¬ 
cessing: photons strike your retina, elec¬ 
trical signals arc passed up your optic 
nerve and between different areas of 
your brain, and eventually you might 
respond with a smile, a perplexed from) 
or a remark. Rut there is also a subjec¬ 
tive aspect. When you look at the page, 
you are conscious of it, directly experi¬ 
encing the images and words as part of 
your private, mental life. You have vivid 
impressions of colored flowers and vi¬ 
brant sky. At the same time, you may 
be feeling some emotions and forming 
some thoughts. Together such experi¬ 
ences make up consciousness: the sub¬ 
jective, inner life of the mind. 

For many years, consciousness was 
shunned by researchers studying Lhe 
brain and the? mind. The prevailing view 
w r as that science, which depends on ob¬ 
jectivity* could not accommodate some¬ 
thing as subjective as consciousness. 
The behaviorist movement in psychol¬ 
ogy, dominant earlier in this century, 
concentrated on external behavior and 
disallowed any talk of internal mental 
processes. Later, the rise of cognitive 
science focused attention on processes 
inside the head. Stilt, consciousness re¬ 
mained off-limits, fit only for late-night 
discussion over drinks. 

Over the past several years, however, 
an increasing number of neuroscien¬ 
tists, psychologists and philosophers 


have been rejecting Lhe idea that con¬ 
sciousness cannot be studied and are 
attempting to delve into its secrets. As 
might be expected of a field so new, 
ihere is a tangle of diverse and conflict¬ 
ing theories, often using basic concepts 
in incompatible ways. To help unsnarl 
the langle, philosophical reasoning is 
vital. 

The myriad view r s within the field 
range from reductionist theories, ac¬ 
cording to which consciousness can be 
explained by the standard methods of 
neuroscience and psychology, to the 
position of the so-called mysterians, 
who say we will never understand con¬ 
sciousness at all. I believe that on close 
analysis both of these views can be 
seen to be mistaken and that the truth 
lies somewhere in the middle. 

Against reductionism I will argue that 
the tools of neuroscience cannot pro¬ 
vide a full account of conscious experi¬ 
ence, although they have much to offer. 
Against mysterianism I will hold that 
consciousness might be explained by a 
new kind of theory. The full details of 
such a theory are still ou t of reach, but 
careful reasoning and some educated 
inferences can reveal something of its 
general nature. For example, it will prob¬ 
ably involve new' fundamental law F s, and 
the concept of information may play a 
central role. These faint glimmerings 
suggest that a theory' of consciousness 
may have startling consequences for our 
view of the universe and of ourselves, 

l he Hard Problem 

R esearchers use the word “conscious¬ 
ness" in many different ways. To 
clarify the issues, we first have to sepa¬ 
rate the problems that are often clus¬ 
tered together under the name. For this 
purpose, I find it useful to distinguish 
between the "easy problems" and the 
“hard problem” of consciousness. The 
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easy problems are by no means trivial— 
they are actually as challenging as most 
in psychology and biology—but it is 
with the hard problem that the central 
mystery lies. 

The easy problems of consciousness 
include the following: How can a hu¬ 
man subject discriminate sensory stim¬ 
uli and react to them appropriately? 
How does the brain integrate informa¬ 
tion from many different sources and 
use this information to control behav¬ 
ior? How is it that subjects can verbal¬ 
ize their internal states? Although all 
these questions are associated with con¬ 
sciousness, they all concern the objec¬ 
tive mechanisms of the cognitive sys¬ 
tem. Consequently, we have every rea¬ 


son to expect that continued work in 
cognitive psychology and neuroscience 
will answer them. 

The hard problem, in contrast, is the 
question of how physical processes in 
the brain give rise to subjective experi¬ 
ence. This puzzle involves the inner as¬ 
pect of thought and perception: the way 
things feel for the subject. When we see, 
for example, we experience visual sen¬ 
sations, such as that of vivid blue. Or 
think of the ineffable sound of a distant 
oboe, the agony of an intense pain, the 
sparkle of happiness or the meditative 
quality of a moment lost in thought. All 
are part of what I am calling conscious¬ 
ness. It is these phenomena that pose 
the real mystery of the mind. 


To illustrate the distinction, consider 
a thought experiment devised by the 
Australian philosopher Frank Jackson. 
Suppose that Mary, a neuroscientist in 
the 23rd century, is the world's leading 
expert on the brain processes responsi¬ 
ble for color vision. Hut Mary has lived 
her whole life in a black-and-white 
room and has never seen any other col- 


ISOLATED NEUROSCIENTIST in a black- 
and-white room knows everything about 
how the brain processes colors bui does 
not know what it is like to see them. 
This scenario suggests that knowledge 
of the brain does not yield complete 
knowledge of conscious experience. 
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ors, She knows everything there is to 
know about physical processes in the 
brain—its biology, structure and 
function. This understanding en¬ 
ables her to grasp everything there 
is to know about the easy prob¬ 
lems: how the brain discrimi¬ 
nates stimuli, integrates infor¬ 
mation and produces verbal re¬ 
ports. From her knowledge of 
color vision, she knows the way 
color names correspond with 
wavelengths on the light spec¬ 
trum. But there is still something 
crucial about color vision that Mary 
does not know: what it is like to ex¬ 
perience a color such as red. It follows 
that there are facts about conscious ex¬ 
perience that cannot be de¬ 
duced from physical facts about 
the functioning of the brain. 

Indeed, nobody knows why 
these physical processes are ac¬ 
companied by conscious expe¬ 
rience at all. Why is it that when our 
brains process light of a certain wave¬ 
length, we have an experience of deep 
purple? Why do we have any experi¬ 
ence at all? Could not an unconscious 
automaton have performed the same 
tasks just as well? These are questions 
that we would like a theory of con¬ 
sciousness to answer. 

1 am not denying that consciousness 
arises from the brain. We know, for ex¬ 
ample, that the subjective experience 
of vision is closely linked to processes 
in the visual cortex. It is the link itself 
that perplexes, however. Remarkably, 
subjective experience seems to emerge 
from a physical process. But we have 
no idea how or why this is. 

Is Neuroscience Enough? 

G iven the flurry of recent work on 
consciousness in neuroscience and 
psychology, one might think this mys¬ 
tery is starting to foe cleared up. On 
closer examination, however, it turns 
out that almost all the current work ad¬ 
dresses only the easy problems of con¬ 
sciousness. The confidence of the reduc¬ 
tionist view comes from the progress 
on the easy problems, but none of this 
makes any difference where the hard 
problem is concerned. 

Consider the hypothesis put forward 
by neurobiologists Francis Crick of the 
Salk Institute for Biological Studies in 
San Diego and Christof Koch of the Cal¬ 
ifornia Institute of Technology'. They 
suggest that consciousness may arise 
from certain oscillations in the cerebral 
cortex, which become synchronized as 
neurons fire 40 times per second. Crick 
and Koch believe the phenomenon 
might explain how different attributes 



COLOR WHEEL arranges hues so that ones experienced 
as similar are closest. Nearby colors also correspond 
to similar perceptual representations in the brain. 


of a single perceived object (its color 
and shape, for example), which arc pro¬ 
cessed in different parts of the brain, 
are merged into a coherent whole. In 
this theory, two pieces of information 
become bound together precisely when 
they are represented by synchronized 
neural firings. 

The hypothesis could conceivably elu¬ 
cidate one of the easy problems about 
how information is integrated in the 
brain. But why should synchronized os¬ 
cillations give rise to a visual experience, 
no matter how much integration is tak¬ 
ing place? This question involves the 
hard problem, about which the theory 
has nothing to offer. Indeed, Crick and 
Koch are agnostic about whether the 
hard problem can be solved by science 
at all [see box on pages 66 anil 67]. 

The same kind of critique could be 
applied to almost all the recent work on 
consciousness. In his 1993 book Con¬ 
sciousness Explained , philosopher Dan¬ 
iel C. Dennett laid out a sophisticated 
theory of how r numerous independent 
processes in the brain combine to pro¬ 
duce a coherent response to a perceived 
event. The theory might do much to ex¬ 
plain how we produce verbal reports on 
our internal states, but it tells us very 
little about why there should be a sub¬ 
jective experience behind these reports. 
Like other reductionist theories, Den¬ 
nett's is a theory of the easy problems. 

The critical common trait among these 
easy problems is that they all concern 
how a cognitive or behavioral function 
is performed. All are ultimately ques¬ 
tions about how the brain carries out 
some task—how it discriminates stim¬ 
uli, integrates information, produces re¬ 
ports and so on. Once neurobiology spe¬ 
cifies appropriate neural mechanisms. 


showing how the functions are per¬ 
formed, the easy problems are solved. 
The hard problem of conscious¬ 
ness, in contrast, goes beyond 
problems about how functions 
are performed. Even if every be¬ 
havioral and cognitive function 
related to consciousness were 
explained, there would still re¬ 
main a further mystery: Why is 
the performance of these func¬ 
tions accompanied by conscious 
experience? It is this additional 
conundrum that makes the hard 
problem hard. 

The Explanatory Gap 

S ome have suggested that to 

s 


solve the hard problem, we 
need to bring in new tools of 
physical explanation: nonlinear 
dynamics, say, or new discoveries 
in neuroscience, or quantum me¬ 
chanics. But these ideas suffer from ex¬ 
actly the same difficulty. Consider a pro¬ 
posal from Stuart R, Hamcroff of the 
University of Arizona and Roger Pen¬ 
rose of the University of Oxford. They 
hold that consciousness arises from 
quantum-physical processes taking 
place in microtubules, which are protein 
structures Inside neurons. It is possible 
(if not likely) that such a hypothesis will 
lead to an explanation of how the brain 
makes decisions or even how r it proves 
mathematical theorems, as 1 lameroff 
and Penrose suggest. But even if it does, 
the theory is silent about how these 
processes might give rise to conscious 
experience. Indeed, the same problem 
arises with any theory' of consciousness 
based only on physical processing. 

The trouble is that physical theories 
are best suited to explaining why sys¬ 
tems have a certain physical structure 
and how they perform various func¬ 
tions. Most problems in science have 
this form; to explain life, for example, 
we need to describe how a physical sys¬ 
tem can reproduce, adapt and metabo¬ 
lize. But consciousness is a different 
sort of problem entirely, as it goes be¬ 
yond the explanation of structure and 
function. 

Of course, neuroscience is not irrele¬ 
vant to the study of consciousness. For 
one, it may be able to reveal the nature 
of the neural correlate of conscious¬ 
ness—the brain processes most directly 
associated with conscious experience. 
It may even give a detailed correspon¬ 
dence between specific processes in the 
brain and related components of expe¬ 
rience. But until we know why these pro¬ 
cesses give rise to conscious experience 
at all, we will not have crossed what phi¬ 
losopher Joseph Levine has called the 
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explanatory' gap between physical pro¬ 
cesses and consciousness. Making that 
leap will demand a new kind of theory. 

A True Theory of Everything 

I n searching for an alternative, a key 
observation is that not all entities in 
science are explained in terms of more 
basic entities. In physics, for example, 
space-time, mass and charge (among 
other things) are regarded as funda¬ 
mental features of the world, as they 
are not reducible to anything simpler. 
Despite this irredudbility, detailed and 
useful theories relate these entities to 
one another in terms of fundamental 
laws. Together these features and laws 
explain a great variety of complex and 
subtle phenomena. 

It is widely believed that physics pro¬ 
vides a complete catalogue of the uni¬ 
verse's fundamental features and laws. 
As physicist Steven Weinberg puts it in 
his 1992 book Dreams of a Final Theo¬ 
ry , the goal of physics is a “theory of 
everything” from which all there is to 
know about the universe can be derived. 
Bui Weinberg concedes that there is a 
problem with consciousness. Despite 
the power of physical theory; the exis¬ 
tence of consciousness does not seem 
to be derivable from physical laws. He 
defends physics by arguing that it 
might eventually explain what he calls 


the objective correlates of conscious¬ 
ness (that is, the neural correlates), but 
of course to do this is not to explain 
consciousness itself. If the existence of 
consciousness cannot be derived from 
physical laws, a theory of physics is not 
a true theory of everything. So a final 
theory must contain an additional fun- 
damental component. 

Toward this end, I propose that con¬ 
scious experience be considered a fun¬ 
damental feature, irreducible to any¬ 
thing more basic. The idea may seem 
strange at first, but consistency seems 
to demand it. In the 19th century it 
turned out that electromagnetic phe¬ 
nomena could not be explained in terms 
of previously known principles. As a 
consequence, scientists introduced elec¬ 
tromagnetic charge as a new 7 fundamen¬ 
tal entity and studied the associated 
fundamental laws. Similar reasoning 
should apply to consciousness. If exist¬ 
ing fundamental theories cannot en¬ 
compass it, then something new is re¬ 
quired. 

Where there is a fundamental prop¬ 
erty, there are fundamental laws. In this 
case, the laws must relate experience 
to elements of physical theory. These 
laws will almost certainly not interfere 
with those of the physical world; it 
seems that the latter form a closed sys¬ 
tem in their own right. Rather the laws 
will serve as a bridge, specifying how 


experience depends on underlying phys¬ 
ical processes. It is this bridge that will 
cross the explanatory gap. 

Thus, a complete theory will have two 
components: physical laws, telling us 
about the behavior of physical systems 
from the infinitesimal to the cosmolog¬ 
ical, and what we might call psycho¬ 
physical laws, telling us how some of 
those systems are associated with con¬ 
scious experience. These two compo¬ 
nents will constitute a true theory of 
everything. 

Searching for a Theory 

S upposing for the moment that they 
exist, how might we uncover such 
psychophysical laws? The greatest hin¬ 
drance in this pursuit will be a lack of 
data. As I have described it, conscious¬ 
ness is subjective, so there is no direct 
way to monitor it in others. But this dif¬ 
ficulty is an obstacle, not a dead end. 
For a start, each one of us has access to 
our own experiences, a rich trove that 
can be used to formulate theories. We 
can also plausibly rely on indirect infor¬ 
mation, such as subjects’ descriptions 
of their experiences. Philosophical ar¬ 
guments and thought experiments also 
have a role to play. Such methods have 
limitations, but they give us more than 
enough to get started. 

These theories will not be condusive- 



BLOOD FLOW variations in the visual cortex demonstrate 
how a subject's brain responds to a pattern being viewed. 
The colors in this image show the cortical activity corre¬ 


sponding to the subject's view of either half of the pattern. 
The experiment illuminates a neural correlate of visual expe¬ 
rience; such experiences may be the basis of consciousness. 
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Why Neuroscience May Be Able to Explain Consciousness 

by Francis Crick and Christof Koch 


W e believe that at the moment the best approach to the 
problem of explaining consciousness is to concentrate on 
finding what is known as the neural correlates of conscious- 
ness—the processes in the brain that are most directly respon¬ 
sible for consciousness. By locating the neurons in the cerebral 
cortex that correlate best with conscious¬ 
ness, and figuring out how they link to neu¬ 
rons elsewhere in the brain, we may come 
across key insights into what David j. Chal¬ 
mers calls the hard problem; a full account¬ 
ing of the manner in which subjective expe¬ 
rience arises from these cerebral processes. 

We commend Chalmers for boldly recog¬ 
nizing and focusing on the hard problem at 
this early stage, although we are not as en¬ 
thusiastic about some of his thought experi¬ 
ments, As we see it, the hard problem can be 
broken down into several questions: Why do 
we experience anything at all? What leads to 
a particular conscious experience (such as 
the blueness of blue)? Why are some aspects 
of subjective experience impossible to con¬ 
vey to other people (in other words, why are 
they private)? We believe we have an answer to the last prob¬ 
lem and a suggestion about the first two, revolving around a 
phenomenon known as explicit neuronal representation. 

What does “explicit" mean in this context? Perhaps the best 
way to define it is with an example. In response to the image of 
a face, say, ganglion cells fire all over the retina, much like the 
pixels on a television screen, to generate an implicit represen¬ 
tation of the face. At the same time, they can also respond to a 


great many other features in the image, such as shadows, lines, 
uneven lighting and so on. In contrast, some neurons high in 
the hierarchy of the visual cortex respond mainly to the face or 
even to the face viewed at a particular angle. Such neurons help 
the brain represent the face in an explicit manner. Their loss, re¬ 
sulting from a stroke or some other brain in¬ 
jury, leads to prosopagnosia, an individual's 
inability to recognize familiar faces con¬ 
sciously—even his or her own, although the 
person can still identify a face as a face. Simi¬ 
larly, damage to other parts of the visual cor¬ 
tex can cause someone to lose the ability to 
experience color, while still seeing in shades 
of black and white, even though there is no 
defect in the color receptors in the eye* 

At each stage, visual information is reen¬ 
coded, typically in a semlhierarchical man¬ 
ner. Retinal ganglion cells respond to a spot 
of light. Neurons in the primary visual cor¬ 
tex are most adept at responding to lines or 
edges; neurons higher up might prefer a 
moving contour. Still higher are those that 
respond to faces and other familiar objects. 
On top are those that project to pre motor and motor structures 
in the brain, where they fire the neurons that initiate such ac¬ 
tions as speaking or avoiding an oncoming automobile. 

Chalmers believes, as we do, that the subjective aspects of 
an experience must relate closely to the firing of the neurons 
corresponding to those aspects (the neural correlates). He de¬ 
scribes a well-known thought experiment, constructed around a 
hypothetical neuroscientist, Mary, who specializes in color per- 
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KAN1ZSA TRIANGLE stimulates 
neurons that code explicitly for 
such illusory contours . 


ly testable, so they will inevitably be 
more speculative than those of more 
conventional scientific disciplines. Nev¬ 
ertheless, there is no reason they should 
not be strongly constrained to account 
accurately for our own first-person ex¬ 
periences, as well as the evidence from 
subjects' reports. If we find a theory 
that fits the data better than any other 
t heory of equal simplicity, we will have 
good reason to accept it. Right now we 
do not have even a single theory that 
fits the data, so worries about testabil¬ 
ity are premature. 

We might start by looking for high- 
level bridging laws, connecting physical 
processes to experience at an everyday 
level. The basic contour of such a law 
might be gleaned from the observation 
that when we are conscious of some¬ 
thing, we are generally able to act on it 
and speak about it—which are objective, 
physical functions. Conversely, when 
some information is directly available 
for action and speech, it is generally con¬ 
scious. Thus, consciousness correlates 
well with what we might call “aware¬ 
ness": the process by which informa¬ 
tion in the brain is made globally avail¬ 


able to motor processes such as speech 
and bodily action. 

The notion may seem trivial. But as 
defined here, awareness is objective and 
physical, whereas consciousness is not. 
Some refinements to the definition of 
awareness are needed, in order to ex¬ 
tend the concept to animals and infants, 
which cannot speak. But at least in fa¬ 
miliar cases, it is possible to see the 
rough outlines of a psychophysical law: 
where there is awareness, there is con¬ 
sciousness, and vice versa. 

To take this line of reasoning a step 
further, consider the structure present 
in the conscious experience. The expe¬ 
rience of a field of vision, for example, 
is a constantly changing mosaic of col¬ 
ors, shapes and patterns and as such 
has a detailed geometric structure. The 
fact that we can describe this structure, 
reach out in the direction of many of 
its components and perform other ac¬ 
tions that depend on it suggests that 
the structure corresponds directly to 
that of the information made available 
in the brain through the neurai pro¬ 
cesses of awareness. 

Similarly, our experiences of color 


have an intrinsic three-dimensional 
structure that is mirrored in the struc¬ 
ture of information processes in the 
brain's visual cortex. This structure is il¬ 
lustrated in the color wheels and charts 
used by artists. Colors are arranged in 
a systematic pattern—red to green on 
one axis, blue to yellow on another, and 
black to white on a third. Colors that are 
dose to one anol her on a color wheel 
are experienced as similar [see illustra¬ 
tion on page 64 1. it is extremely likely 
that they also correspond to similar per¬ 
ceptual representations in the brain, as 
part of a system of complex three-di¬ 
mensional coding among neurons that 
is not yet fully understood. We can re¬ 
cast the underlying concept as a princi¬ 
ple of structural coherence: the struc¬ 
ture of conscious experience is mir¬ 
rored by the structure of information 
in awareness, and vice versa. 

Another candidate for a psychophys¬ 
ical law is a principle of organizational 
invariance. It holds that physical sys¬ 
tems with the same abstract organiza¬ 
tion will give rise to the same kind of 
conscious experience, no matter what 
they are made of. For example, if the 
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teption but has never seen a colon We believe the reason Mary 
does not know what it is like to see a color, however, is that she 
has never had an explicit neural representation of a color in her 
brain, only of the words and ideas associated with colors. 

In order to describe a subjective visual experience, the infor¬ 
mation has to be transmitted to the motor output stage of the 
brain, where it becomes available for verbalization or other ac¬ 
tions, This transmission always involves reencoding the infor¬ 
mation, so that the explicit information expressed by the motor 
neurons is related, but not identical, to the explicit information 
expressed by the firing of the neurons associated with color ex¬ 
perience, at some level in the visual hierarchy 
It is not possible, then, to convey with words and ideas the 
exact nature of a subjective experience. It is possible, however, 
to convey a difference between subjective experiences—to dis¬ 
tinguish between red and orange, for example. This is possible 
because a difference in a high-level visual cortical area will still 
be associated with a difference in the motor stages. The impli¬ 
cation is that we can never explain to other people the nature 
of any conscious experience, only its relation to other ones* 

T he other two questions, concerning why we have conscious 
experiences and what leads to specific ones, appear more 
difficult* Chalmers proposes that they require the introduction 
of “experience" as a fundamental new feature of the world, re¬ 
lating to the ability of an organism to process information. But 
which types of neuronal information produce consciousness? 
And what makes a certain type of information correspond to 
the blueness of blue, rather than the greenness of green? Such 
problems seem as difficult as any in the study of consciousness* 
We prefer an alternative approach, involving the concept of 
"meaning/' In what sense can neurons that explicitly code for a 
face be said to convey the meaning of a face to the rest of the 
brain? Such a property must relate to the cell's projective field— 
its pattern of synaptic connections to neurons that code explic¬ 


itly for related concepts. Ultimately, these connections extend 
to the motor output. For example, neurons responding to a cer¬ 
tain face might be connected to ones expressing the name of 
the person whose face it is and to others for her voice, memo¬ 
ries involving her and so on* Such associations among neurons 
must be behaviorally useful—in other words, consistent with 
feedback from the body and the external world. 

Meaning derives from the linkages among these representa¬ 
tions with others spread throughout the cortical system in a 
vast associational network, similar to a dictionary or a relation¬ 
al database. The more diverse these connections, the richer the 
meaning. If, as in our previous example of prosopagnosia, the 
synaptic output of such face neurons were blocked, the cells 
would still respond to the person's face, but there would be no 
associated meaning and, therefore, much less experience. A 
face would be seen but not recognized as such. 

Of course, groups of neurons can take on new functions, al¬ 
lowing brains to learn new categories (including faces) and as¬ 
sociate new categories with existing ones. Certain primitive as¬ 
sociations, such as pain, are to some extent inborn but subse¬ 
quently refined in life. 

Information may indeed be the key concept, as Chalmers 
suspects. Greater certainty will require consideration of highly 
parallel streams of information, linked—as are neurons—in 
complex networks. It would be useful to try to determine what 
features a neural network (or some other such computational 
embodiment) must have to generate meaning. It is possible 
that such exercises will suggest the neural basis of meaning. 
The hard problem of consciousness may then appear in an en¬ 
tirely new fight. It might even disappear. 

FRANCIS CRICK is Kieckhefer Distinguished Research Profes¬ 
sor at the Salk Institute for Biological Studies in San Diego. 
CHRISTOF KOCH is professor of computation and neural sys¬ 
tems at the California Institute of Technology. 


precise interactions between our neu¬ 
rons could be duplicated with silicon 
chips, the same conscious experience 
would arise. The idea is somewhat con¬ 
troversial, but I believe it is strongly 
supported by thought experiments de¬ 
scribing the gradual replacement of 
neurons by silicon chips [see box on 
next page f The remarkable implication 
is that consciousness might someday 
be achieved in machines. 

Information: Physical and Experiential 

T he ultimate goal of a theory of con¬ 
sciousness is a simple and elegant 
set of fundamental laws, analogous to 
the fundamental laws of physics. The 
principles described above are unlikely 
to be fundamental, however* Rather 
they seem to be high-level psychophys¬ 
ical laws, analogous to macroscopic 
principles in physics such as those of 
thermodynamics or kinematics* What 
might the underlying fundamental laws 
be? No one knows, but I don't mind 
speculating, 

I suggest that the primary psycho¬ 
physical laws may centrally involve the 


concept of information. The abstract 
notion of information, as put forward 
in the 1940s by Claude E. Shannon of 
the Massachusetts Institute of Technol¬ 
ogy, is that of a set of separate states 
with a basic structure of similarities 
and differences between them. We can 
think of a 10-bit binary code as an in¬ 
formation state, for example* Such in¬ 
formation states can be embodied in 
the physical world. This happens 
whenever they correspond to physical 
states (voltages, say); the differences be¬ 
tween them can be transmitted along 
some pathway, such as a telephone line. 

We can also find information embod¬ 
ied in conscious experience. The pat¬ 
tern of color patches in a visual field, 
for example, can be seen as analogous 
to that of the pixels covering a display 
screen. Intriguingly, it turns out that we 
find the same information states em¬ 
bedded in conscious experience and in 
underlying physical processes in the 
brain. The three-dimensional encoding 
of color spaces, for example, suggests 
that the information state in a color ex¬ 
perience corresponds directly to an in¬ 
formation state in the brain. We might 


even regard the two states as distinct 
aspects of a single information state, 
which is simultaneously embodied in 
both physical processing and conscious 
experience. 

A natural hypothesis ensues. Perhaps 
information, or at least some informa¬ 
tion, has two basic aspects: a physical 
one and an experiential one. This hy¬ 
pothesis has the status of a fundamen¬ 
tal principle that might underlie the re¬ 
lation between physical processes and 
experience. Wherever we find conscious 
experience, it exists as one aspect of an 
information state, the other aspect of 
which is embedded in a physical pro¬ 
cess in the brain. This proposal needs 
to be fleshed out to make a satisfying 
theory. But it fits nicely with the princi¬ 
ples mentioned earlier—systems with 
the same organization will embody the 
same information, for example—and it 
could explain numerous features of our 
conscious experience. 

The idea is at least compatible with 
several others, such as physicist John 
A* Wheeler's suggestion that informa¬ 
tion is fundamental to the physics of 
the universe. The laws of physics might 
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Dancing Qualia in a Synthetic Brain 


W hether consciousness could arise in a complex, syn¬ 
thetic system is a question many people find intrinsi¬ 
cally fascinating. Although it may be decades or even cen¬ 
turies before such a system is built, a simple thought ex¬ 
periment offers strong evidence that an artificial brain, if 
organized appropriately, would indeed have precisely the 
same kind of conscious experiences as a human being. 

Consider a silicon-based system in which the chips are 
organized and function in the same way as the neurons in 
your brain. That is, each chip in the 
silicon system does exactly what its 
natural analogue does and is inter¬ 
connected to surrounding elements 
in precisely the same way. Thus, the 
behavior exhibited by the artificial 
system will be exactly the same as 
yours. The crucial question is: Will it 
be conscious in the same way that 
you are? 

Let us assume, for the purpose of 
argument, that It would not be. (Here 
we use a reasoning technique known 
as reductio ad absurdum, in which 
the opposite hypothesis is assumed 
and then shown to lead to an unten¬ 
able conclusion.) That is, it either has 
different experiences—an experience of blue, say, when you 
are seeing red—or no experience at all. We will consider the 
first case; the reasoning proceeds similarly in both cases. 

Because chips and neurons have the same function, they 
are interchangeable, with the proper interfacing. Chips 
therefore can replace neurons, producing a continuum of 
cases in which a successively larger proportion of neurons 
are replaced by chips. Along this continuum, the conscious 
experience of the system will also change. For example, 


we might replace all the neurons in your visual cortex with 
an identically organized version made of silicon. The re¬ 
sulting brain, with an artificial visual cortex, will have a dif¬ 
ferent conscious experience from the original: where you 
had previously seen red, you may now experience purple 
(or perhaps a faded pink, in the case where the wholly sil¬ 
icon system has no experience at all). 

Both visual cortices are then attached to your brain, 
through a two-position switch. With the switch in one 
mode, you use the natural visual 
cortex; in the other, the artificial cor¬ 
tex is activated. When the switch is 
flipped, your experience changes 
from red to purple, or vice versa. 
When the switch is flipped repeated¬ 
ly, your experiences “dance" be¬ 
tween the two different conscious 
states (red and purple), known as 
qualia. 

Because your brain's organization 
has not changed, however, there 
can be no behavioral change when 
the switch is thrown. Therefore, 
when asked about what you are see¬ 
ing, you will say that nothing has 
changed. You will hold that you are 
seeing red and have seen nothing but red—even though 
the two colors are dancing before your eyes. This conclu¬ 
sion is so unreasonable that it is best taken as a reductio 
ad absurdum of the original assumption—that an artificial 
system with identical organization and functioning has a 
different conscious experience from that of a neural brain. 
Retraction of the assumption establishes the opposite: 
that systems with the same organization have the same 
conscious experience. — DJ.C. 



IN THOUGHT EXPERIMENT, art apple 
might flash from red to blue. 


ultimately be cast in informational 
terms, in which case we would have a 
satisfying congruence between the con¬ 
structs in both physical and psycho¬ 
physical laws. It may even be that a 
theory of physics and a theory of con¬ 
sciousness could eventually be consoli¬ 
dated into a single grander theory of 
information. 

A potential problem is posed by the 
ubiquity of information. Even a ther¬ 
mostat embodies some information, 
for example, but is it conscious? There 
are at least two possible responses. 
First, we could constrain the fundamen¬ 
tal laws so that only some information 


has an experiential aspect, perhaps de¬ 
pending on how it is physically pro¬ 
cessed. Second, wc might bite the bul¬ 
let and allow that all information has 
an experiential aspect—where there is 
complex information processing, there 
is complex experience, and where there 
is simple information processing, there 
is simple experience. If this is so, then 
even a thermostat might have experi¬ 
ences, although they would be much 
simpler than even a basic color experi¬ 
ence, and there w ? ould certainly be no 
accompanying emotions or thoughts. 
This seems odd at first, but if experi¬ 
ence is truly fundamental, we might 


expect it to be widespread. In any case, 
the choice between these alternatives 
should depend on which can be inte¬ 
grated into the most powerful theory. 

Of course, such ideas may be all 
wrong. On the other hand, they might 
evolve into a more powerful proposal 
that predicts the precise structure of 
our conscious experience from physi¬ 
cal processes in our brains. If this proj¬ 
ect succeeds, wc will have good reason 
to accept the theory. If it fails, other av¬ 
enues will be pursued, and alternative 
fundamental theories may be devel¬ 
oped. In this way, we may one day re¬ 
solve the greatest mystery of the mind. 
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Confidential Communication 

on the Internet 
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Cryptography gives people the ability 
to authenticate the identity of their correspondents, 
the first step in establishing trust 
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by Thomas Beth 


“Be on your guard against the wolf," 
the mother goat said. “If he gets in, he'll 
eat you up, skin and hones. The villain 
often disguises himself, but you'll know 
him right away by his gruff voice and his 
black feet." 

—from The Wolf and the Seven 
Young Kids, by the Brothers Grimm 


T! 


| he well-meaning goat tried to pro¬ 
tect her children by using what a 
computer-security expert would 
call an access-control mechanism: let no 
one in unless he displays a fine voice 
and white paws. This method is, in prin¬ 
ciple, very effective because it checks for 
the physical characteristics of those who 
are authorized to enter. In the fairy tale, 
its fatal flaw was the meager Informa¬ 
tion required. To distinguish between a 
goat and a wolf is easy if you can see 
the whole body, but the kids were pro¬ 
grammed only for paw color and voice. 

Computers transfer so much money 
and valuable information that their 
communications make an extraordinar¬ 
ily tempting target for criminals. Yet 
people trying to protect their data and 
transmissions apply less caution than 
the goats do: they attempt to distin¬ 
guish between friend and foe using a 
mere sequence of symbols sent by a 
correspondent over a network. 

The relative anonymity that networks 
now offer, combined with the increas¬ 
ing capability of machines connected 
to them, is frightening to governments, 
which foresee an accelerating wave of 
digital crime. Many nations are respond¬ 
ing with draconian cures that may be 


at least as bad as the iUs they seek to 
ward off. My colleagues and l believe, 
however, that we have found a path be¬ 
tween the dangers of state control over 
the keys to information and a free field 
for organized crime. We simply had to 
work a little harder to find it. 

Anyone communicating via comput¬ 
er needs a security system that ensures 
three essential requirements: confiden¬ 
tiality, authentication and trust. Even 
the supposedly simple routine of with¬ 
drawing money from a bank's automat¬ 
ed cash machine involves a communi¬ 
cation based on trust. This system cur¬ 
rently operates in a strictly one-sided 
fashion: the machine makes sure the 
person who inserted the card is its le¬ 
gitimate owner by asking for a secret 
password, but the cardholder must 
blindly trust that the machine has not 
been tampered with. Although this clas¬ 
sic authoritarian model may have been 
appropriate once, today it is naive to 
suppose that none of the machines in¬ 
volved in a communication have been 
manipulated. 

So long as both communication part¬ 
ners are monitored by a common insti¬ 
tution, the electronic equivalent of a 
central ticket booth may provide au¬ 
thentication and confidentiality. This 
principle underlies the Kerberos proto¬ 
col in the Athena system of the Mas¬ 
sachusetts Institute of Technology [see 
"Secure Distributed Computing," by Jeff¬ 
rey I. Schilleq Scientific .American, No¬ 
vember 1994]. 

It would be absurd, however, to em¬ 
ploy the same method for the millions 
of users of the Internet. First, it is practi- 



CHAIN OF CERTIFICATION in the author's scheme extends from local authorities 
who vouch for an individual 1 s identity and probity up through regional, national 
and supranational authorities (represented here by different names and seals), each 
vouching for those below it. Digital signatures prevent tampering: anyone who rec¬ 
ognizes one signature in the chain can be assured that a signed document is valid. 







cally impossible to build such an enor¬ 
mous central file server and operate it 
continuously. Second, such a concentra¬ 
tion of sensitive data would encourage 
even the most difficult criminal attacks. 

Moreover, the use of secret passwords 
to verify the identity of a person at a 
terminal is insecure on open networks. 
Programs that surreptitiously record 
the combination of passwords and user 
names for later misuse have become 
known as packet sniffers. They have 
been implicated in dozens of major 
break-ins throughout the U.S. and Eu¬ 
rope, An Internet user should not be 
required to type in a password or re¬ 
veal any personal characteristics that 
someone else could copy, instead users 
should be asked to provide answers that 
depend on their knowledge of some se¬ 
cret without revealing it. 

In 1986 my colleagues and I at the 
Institute for Informatics at the Univer¬ 
sity of Karlsruhe began to address this 
problem. Although funding for our ini¬ 
tial project was cut, we have since suc¬ 
ceeded in developing a network-securi¬ 
ty system we call SELANE {secure local- 
area network). The name is also an 
allusion to the Greek moon goddess, Se¬ 
lene, who moves as an equal partner be¬ 
tween her siblings, Eos and Helios, in 
the open sky—just as both parties to an 
electronic transaction must be equal. 

SELANE is compatible with almost ev¬ 
ery commercial and academic network. 
We have also created a “smart” card 
that can carry out the necessary calcu¬ 
lations securely for each user. SELANE 
is currently in use at our university, 
where it provides secure access to the 
departmental network. 

Shared Secret Keys 

M odem cryptology is based on the 
notion that all digital texts are 
merely chains of bits, which can be in¬ 
terpreted as numbers. Hence, encryp¬ 
tion is simply a matter of applying an 
appropriate mathematical function to 
change an intelligible string of num¬ 
bers into pseudo gibberish that can be 
read only by someone who knows the 
function and the proper key. 

The first problem for network securi¬ 
ty is confidentiality. How can Alice and 
Bob (as cryptographers like to call the 
partners in a communication) safely ex¬ 
change a private sequence of bits over 
a wire that can be tapped? At the very 
least, they must be able to exchange a 
key that can be used to encrypt or de¬ 
crypt subsequent messages. In the 
1970s Martin E. Heilman of Stanford 
University and his students Whitfield 
Diffie and Ralph Merkle developed a 
method that enabled Alice and Bob to 


obtain the same string of bits without 
sending either the bits or the informa¬ 
tion needed for their reconstruction 
through the wire \see box below]. 

Heilman, Diffie and Merkle employed 
what are known as one-way functions, 
which arc easy to calculate but practical¬ 
ly impossible to reverse. Knowing the 
result of applying a one-way function to 
a number leaves no clue to the number 
itself. The class of one-way functions we 
use relies on a technique called mod¬ 
ular exponentiation. Modular exponen¬ 
tiation preserves two important rela¬ 
tions among the scrambled numbers. 
First, it is commutative, which means 
that multiple exponentiations can be 
done in any order on a string of data 
without changing the results. Second, it 
is homomorphic: if two numbers add 
up to a third, then multiplying their ex¬ 
ponentiated versions will yield the ex¬ 
ponentiation of the third number. 

To exchange a key with Bob accord¬ 
ing to the Diffie-Hellman protocol, Al¬ 
ice takes a publicly known number, ap¬ 
plies her one-way function—exponenti¬ 
ation to a secret power that only she 
knows—and sends the result via public 
channels to Bob. Because exponentia¬ 
tion is a one-way function, an eaves¬ 
dropper cannot extract her secret from 


the combination of the public biL se¬ 
quence and its exponentiated version. 
Bob, meanwhile, applies his secret ex¬ 
ponent to the same publicly known 
number and sends the result to Alice, 
Alice and Bob then apply their one¬ 
way functions to the number received 
from the other. Because the combina¬ 
tion of the two functions yields the 
same result regardless of which is ap¬ 
plied first, both partners will end up 
with the same string of bits, known to 
no one else. They can then use the 
string as the “key 1 ' for a function that 
encrypts and decrypts the information 
they want to exchange. A third party 
who has monitored the exchanges will 
be unable to determine the key or Alice 
and Bob’s secret functions. 

Passport Instead of Password 

T he second problem is authentica¬ 
tion: Bob must be able to verify' that 
it is really Alice who sent him a mes¬ 
sage. There is no central authority, how¬ 
ever, that can vouch for the identity of 
every single user of the Internet. While 
thinking about this problem, we were 
reminded of an access-control system 
with similar demands that is used suc¬ 
cessfully worldwide on a daily basis: 


One-Way Functions Foil Eavesdroppers 

A technique known as the Diffie-Hellman key exchange enables two corre- 
„ spondents to communicate securely over an insecure channel. The ex¬ 
change relies on a kind of one-way function (a numerical transformation that 


is straightforward to perform but 
impossible to undo) termed modu¬ 


lar exponentiation. To encrypt a mes¬ 
sage, one raises a constant (say, 3) 
to the power of the number repre¬ 
senting the message in digital form 
and then takes the remainder after 
division by a large prime number. To 
encrypt the number 66, for exam¬ 
ple, one might calculate the remain¬ 
der of 3 66 divided by, say, 127. {In 
actuality* the prime number would 
be much larger—perhaps 300 digits 
long.) 

Bob and Alice apply their expo¬ 
nentiations in sequence to a known 
string of bits (top); Alice performs 
her operation first in one case, Bob 
in the other. The order does not in¬ 
fluence the final result, but the ex¬ 
ponentiation scrambles the bits so 
that an interloper will be unable to 
determine either the exponents that 
Bob and Alice are using or the final 
bit sequence they share—which can 
then serve as an encryption key for 
future transactions. —T.B. 
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CRYPTOGRAPHIC WATCH developed 
by Skidata Computer in Austria con¬ 
tains a short-range transmitter and re¬ 
ceiver and a microcomputer. 


passports. The passport photograph 
and signature form a connection with 
the owner that is further verified by the 
government insignia and the stamp and 
signature of the issuing office. The most 
important feature is that everyone can 
verify the validity of a passport with¬ 
out asking the issuing authority. 

In 1984 Taher ElGamal, then at Stan¬ 
ford University, devised a digital-signa¬ 
ture scheme that could be used to veri¬ 
fy the sender of a message and to 
make sure its contents had not been al¬ 
tered, Everyone who wants to sign doc¬ 
uments selects a permanent, secret bit 
string as a private signature and pub¬ 
lishes an exponentially distorted ver¬ 
sion of those bits as a public signature. 
Signing a particular document pro¬ 
ceeds as follows: 

• Generate a “one-time stamp” (a dig¬ 
ital equivalent of a serial number). 


• Run the stamp through a one-way 
exponential function to get a distorted 
version. 

• Formulate and solve an equation 
that relates the numerical values of the 
message being sent, the personal secret 
bit string, the stamp and the distorted 
version of the stamp, 

• Transmit the message. 

• Append a signature consisting of 
the distorted stamp and the solution to 
the equation. 

Everyone who knows the signer's pub¬ 
lic signature (the exponentially distort¬ 
ed version of the secret bit string) can 
check that the numbers in the signa¬ 
ture were indeed generated from the 
private string and the message in ques¬ 
tion. During the past 10 years, numer¬ 
ous variations of ElGamaTs basic scheme 
have been constructed. 

Armed with this unforgeable process, 
we conceived a scheme that would es¬ 
tablish a secure key-issuing authority 7 
(SKIA), in the place of a passport-issu¬ 
ing authority, for every local computer 
network. Before issuing the first ID, the 
SKIA adopts its own signature keys, a 
secret one and a distorted, public ver¬ 
sion. Anyone who wishes to check the 
IDs issued by the SKIA saves a copy of 
the public key, just as every foreign im¬ 
migration office keeps a sample of an 
American passport. 

The SKIA issues a token (a tamper-re¬ 
sistant chip embedded in a credit card 
or specially designed watch) to every 
person, terminal or computer on its net¬ 
work. This token can be used in any sub¬ 
sequent transaction. When Alice asks 
the SKIA for an ED, it gives her a token 
whose memory contains a readable me$- 
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When Wiretapping 
Is Needed 

T he cryptographic techniques that I and 
my colleagues have been developing 
may offer a solution to the growing conflict 
between individuals who want to keep their 
messages secret and law-enforcement agen¬ 
cies that would like to be able to decode ev¬ 
idence of crimes. Fearing that wiretapping 
could soon yield nothing but gibberish, the 
U.S. government has restricted the export 
of encoding equipment. It has also begun 
pushing a "secure" telephone system using 
an encryption chip known as Clipper, whose 
keys would be held in escrow by govern¬ 
ment agencies and turned over to law-en¬ 
forcement officials on request. The details 
of this system are secret. 

This plan hardly inspires confidence. First, 
it is not clear that keys will be adequately 
safeguarded—especially when law-enforce¬ 
ment agencies from several countries are 
involved. Second, there Is no way for out¬ 
siders to determine whether there are addi¬ 
tional decryption methods that require no 
judicial intervention. 

In contrast, the methods we have devel¬ 
oped for SELANE can be used as the basis 
for a fair cryptosystem that would put users 
and government code breakers on an even 


sage—“The holder of this card, Alice 
Wunderkind, is a professor of comput¬ 
er science at the University of Karls¬ 
ruhe"—and an FiGamal-type signature 
based on the message. 

To convince Bob that her fD is valid, 
Alice instructs her chip card to give him 
the message and the distorted one-time 
stamp from the signature. Bob uses 
z these values, along with the SKlA's pub- 
| lie key, to compute a distorted image 
8 of the rest of the signature—which the 
5 token does not disclose. To ensure that 
t the ID is valid, Bob can engage in a 
5 challenge-response sequence with the 
token, in effect asking it questions that 
it can answer only if it actually contains 
the secret part of the signature. 

My colleagues Fritz Bauspiess, Chris¬ 
toph Gunther and Hans Joachim Kno- 
bloch and I have designed a protocol 
that merges the authentication and ver¬ 
ification with the subsequent key ex- 


AUTHENTICAIION PROTOCOL relies 
on a secret bit sequence known only to 
the certifying authority and a series of 
exponentiations. The authority makes 
available only a distorted image of its 
secret, but it is still possible to verify 
that it has signed a given document. 
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SECRET KEY is derived from the 
coordinates of a point whose posi¬ 
tion can be calculated from those 
of three other points and a line 
along which the secret lies, 

footing. It provides a verifiable tool 
for key exchange and authentica¬ 
tion that could work in conjunction 
with either the Clipper chip or more robust encryption devices. 
To strengthen people's confidence in the system, one could 
construct digital keys that would require the cooperation of 
several different agencies for wiretapping. 

Understanding how this kind of safeguard could be achieved 
requires imagining the bit sequence making up a key not as 
one number but as three or more. Gustavus j, Simmons of San- 
dia National Laboratories, for instance, came up with the idea 
of using three parts of a secret key as integer coordinates of a 
point in a three-dimensional space. 

All the secret number sequences that might be used are cho¬ 
sen from coordinates that lie on a universally agreed-on line. 
(Because so many points are on the line, even this "restricted" 
set is large enough to be secure.) To split the information about 
the secret point, a plane that passes through the point is select¬ 


ed, and three random points on it are cho¬ 
sen. These points can be used to recon¬ 
struct the plane and calculate its intersec¬ 
tion with the line, 

I Each of the committee members re- 
| ceives the coordinates of two of the 
§ points. As soon as two members come to- 
| get her, they can determine the secret 
| point. Thanks to SELANE, however, they 
can also assure themselves that they have 
been given accurate coordinates without actually finding the 
secret (and thereby compromising the associated key). If they 
give exponentially distorted versions of their points to their fel¬ 
lows, the mathematical relation that holds between those 
points and a distorted image of the line also exists between the 
real points and the line along which the secret point lies. 

This principle can be generalized to a committee of any size, 
with arbitrary authorized subsets of members. Shared respon¬ 
sibility of this kind would also considerably complicate any at¬ 
tempt at a breach of secrecy by the use of violence, blackmail 
or bribery. I believe the business world would welcome such a 
system, particularly as an alternative to government-imposed 
escrow. And governments may welcome it as an alternative to 
the dissemination of unregulated strong cryptography that is 
taking place even as this article is being written. — 7TS, 


KNOWLEDGE of the three points can be 
split among several deputies so that none 
alone can deduce the secret point—be¬ 
cause an infinite number of possible 
planes can pass through the two points 
that are given to each deputy. 


change. This protocol can be executed 
in a fraction of a second by a chip on a 
smart card. If their IDs are in order, 
both partners finish their initial ex¬ 
change with a common key for encod¬ 
ing subsequent communications. If au¬ 
thentication fails, however, each re¬ 
ceives a different, useless bit sequence. 

Chain of Confidentiality 

I n principle, this authentication meth¬ 
od depends on Bob's knowledge of— 
and trust in—Alice's home SK1A. Any¬ 
one who wanted to verify the digital 


IDs of faculty or staff at a German uni¬ 
versity, for example, would have to 
know the signature of the SK1A of ev¬ 
ery university's computer center. 

In international data traffic, this meth¬ 
od becomes impractical. Hence, SKIAs 
must legitimize themselves by procur¬ 
ing an ID from a superior 5K1A, A cen¬ 
tral ED distribution station might be es¬ 
tablished to serve all German universi¬ 
ties. It would certify the trustworthiness 
of each university's SKIA, which could 
certify internal SKIAs. This scheme can 
be extended to any number of levels. 
For example, a German central station 


can legitimize itself using the digital ID 
of a European ID distribution center, 
which, in turn, is legitimized by a world¬ 
wide organization. To verify an ID, one 
would need to know—and trust—only 
the digital signatures of a few top-level 
certifying authorities. 

The same hierarchical structure could 
serve as well for corporate employees 
and affiliates of other institutions. In a 
future we hope to bring about, SELANE's 
principles would allow people to trans¬ 
act business over a network with as 
much confidence as they would have 
dealing face-to-face. 
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Trends in Defense Technology 


Fighting Future Wars 

U.S. military planners hope to rely on improved versions 
of the technologies tested in the Gulf War to help fight the next 
Saddam Hussein. They may be preparing for the wrong conflict 

by Gary Stix, staff writer 




G eorge Patton, Dwight Eisenhower and Colin Powell all 
came to Fort Leavenworth on the Kansas bluffs over¬ 
looking the Missouri River to learn about the tactics 
and weaponry they would need in battle. This past May a 
new generation of military leaders peered into Sun worksta¬ 
tions at this former Indian-fighting post to discern the fu¬ 
ture of warfare. On their screens, a North Korean force rolled 
across the demilitarized zone; short-range ballistic missiles 
carrying chemical weapons hit their mark in South Korean 
cities. US. and South Korean army divisions, with 
support from U.S. Marines and a French and a British 
brigade, slowly drove the invading troops back. 

One of the U.S. units, a division called a mobile 
strike force, pretended to mimic the digital lighting 
force of the future. Pictures of the battlefield, sup¬ 
plied by ground, airborne and satellite sensors, pro¬ 
vided a field commander with a sweeping view of the 
disputed territory, even at night. This “God's-eye" 
battlefield perspective helped to cement a victory. 

The hostilities were what is known in Department 
of Defense parlance as a '"Desert Storm equivalent" - 
a standoff against a "rogue state," an Iran or an Iraq 
or a North Korea. For the Pentagon, rogues are the 
most likely new enemy, the nuclear pretenders that 
pose the real menace in the post-cold-war world. Ac¬ 
cording to the Clinton administration’s 1993 "boU 
tom-up review,' 1 tbe document that assesses the cur¬ 
rent military force structure, the U.S. should be pre¬ 
pared lo fight two Desert Storm equivalents almost 
simultaneously, 

But the young officers may be getting the wrong 
perspective from the images on those color screens. 

The classic rogue power relying on heavy-handed, 
Soviet-style fighting techniques may be an endan¬ 
gered species. Policy experts, technical gurus and 
defense contractors have begun to study a range of 
other potential threats, from a newly hatched super¬ 
power to a regional power with dramatically altered 
fighting tactics, to legions of mercenary hackers that 
bring down banks and stock exchanges with com- 


BATTLEGROUND CIRCA 2020 may replace massed 
troops and armor with networks of intelligent mines 
and unpiloted drones that can perform reconnais¬ 
sance and launch or plant weapons. Highly dispersed 
special forces may scoul for targets and evaluate 
battle damage. Remotely fired missiles may become 
the main instrument for destroying enemy targets. 
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puter viruses and other malevolent softw ? are. The vast array 
of scenarios is a measure of the speculative turn that has 
gripped the mihtary-pLanning establishment. Without the 
tangible presence of a superpower, new menaces can emerge 
from any quarter. At the same time, the most pressing drain 
on military resources is created by the Bosnias and the Hai- 
tis, the smaller-scale conflicts and crises that often turn con¬ 
temporary soldiering into glorified police work. 

The American military's high-tech expertise was honed 


& 








over decades of cold war with the Soviet Union. During the 
1980s, the Soviets put forward the notion that military fore- 
es should be able to detect an enemy and destroy it from a 
distance. As radar-laden surveillance aircraft and intelligent 
antitank missiles became more pivotal in the contest, how T - 
ever, the U.S. acquired a clear advantage. "If the key to fu¬ 
ture warfare would be the rapid processing of electronically 
acquired information, how could a society that was virtually 
incapable of manufacturing a simple personal computer 
keep up in the technological race?” writes Eliot A. Cohen of 
the Paul EL Nitze School of Advanced International Studies 
at Johns Hopkins University. 

Replaying Desert Storm 

W orld War 111 never came, but the Gulf War did. The U.S. 

armed forces held up the victory over Iraq as proof of 
the validity of their technophilic approach to fighting, in¬ 
volving intelligence from air and space and the use of stealth 
fighters and laser-guided bombs, (No matter that, notwith¬ 
standing the domination of the air, the coalition forces 
missed destroying installations involved in the Iraqi nuclear 
weapons program and mobile missile launchers.) Much of 
the subsequent effort of military leaders has gone toward 
burnishing the accomplishments of the Gulf. The army's war 


games, such as the exercise at Fort Leavenworth, have been 
oriented toward improving the digital layout of the battle¬ 
field—in essence, fighting a more efficient Gulf War. 

A coterie of defense analysts, both inside and outside the 
Pentagon, have nonetheless begun to explore concepts of 
high-tech war that move beyond a replay of Desert Storm. 
The inspiration for some of this soul-searching comes from 
the Pentagon's Office of Net Assessment, a future-oriented 
planning office headed by Andrew Marshall, a former cold- 
war strategist. 

One reason for a reassessment is that, within a few de¬ 
cades, the threat to the U,S, may come not from a small 
rogue regional power but instead from what has come to be 
known as a M peer competitor”: in essence, a new superpow¬ 
er, such as China, a resurgent Russia or perhaps even India. 
In any future conflict, the U.S, and its allies may not have 
a monopoly, or even a strategic advantage, in the arena of 
advanced technology. Furthermore, regional powers have 
learned their own lessons from the Gulf War and are looking 
for ways to use and counter precision-guided weapons, com¬ 
puters and space-based communications. 

Andrew F. Krepenevich, Jr., a former army colonel who col¬ 
laborated with Marshall, now directs the Defense Budget 
Project, a think tank in Washington, D.C., that continues to 
examine radical changes in the character of warfare. He 
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points to articles in Third World techni¬ 
cal journals that talk about the Gulf War 
as the example of what to avoid when 
confronting an “extraregional super¬ 
power,” a code phrase for the U.S. or any 
large industrial state. In a paper pub¬ 
lished after the Gulf conflict, V. K. Nair, 
a retired Indian military officer, outlined 
how a developing nation could have 
countered “ill-conceived adventurism” 
by the U.S. by crippling naval forces 
with land- or submarine-based nonnu¬ 
clear missiles. “The possibility of the 
loss of one or more aircraft carriers 
would be a totally unacceptable risk in 
terms of economic and personnel loss¬ 
es for the United States,” he wrote. 

In world arms markets, an advanced 
weapons stockpile is available virtually 
for the asking. Short-range ballistic mis¬ 
siles and, in particular, information tech¬ 
nologies have become commodities. Un¬ 
like nuclear weapons systems that often 
arose from secret work at national lab¬ 
oratories, Krepenevich points out that 
information systems have come from 
commercial companies. Although the 
U.S. and the Soviet Union largely suc¬ 
ceeded in preventing access to the tech¬ 
nologies needed to fabricate nuclear 
weapons, they would now be incapable 
of doing so for the memory chips or 
microprocessors that are the brains of 
“smart” weaponry. 

A Real No-MaiTs-Land 

T hink tanks and strategists have be¬ 
gun to ponder what it will mean to 
fight in the 21st century 7 . Many of their 
speculations on what is often called a 
“revolution in military affairs” seek a 
way to fight another large power with¬ 
out resorting to nuclear weapons or to 


ARSENAL SHIP (left), with a design per¬ 
haps based on that of commercial tank¬ 
ers, could carry hundreds of missiles. 
I'he semisubmersible vessel might one 
day play a strategic role—deploying 
weapons to their targets—that now is 
filled by the airplanes on a carrier (right). 


find the means to stay far enough away 
from an adversary to avoid a nuclear 
menace or chemical or biological arma¬ 
ments. Future war, in fact, may let for¬ 
mer nudear war planners retread a few' 
of the scenarios conceived for a face- 
off with the Soviets. It might rely on 
nuclear-weapons delivery vehicles— 
cruise or other long-range missiles— 
armed with conventional warheads. 

The lethality and precision of the 
weaponry, and the ability to detect an 
enemy virtually anywhere, suggest it will 
become all quiet on every 1 front—the 
idea of close engagement, still a fixture 
of the Gulf War, will fade. Michael Ma- 
zaar of the Center for Strategic and In¬ 
ternational Studies describes "disen¬ 
gaged” conflict, a war fought from a dis¬ 
tance that proceeds without a massing 
of troops and weapons. Missiles bred 
from hundreds or thousands of miles 
away, or even from the continental U.S., 
might converge on a single location or 
several strategic targets at once. 

In this long-term scenario, aircraft 
carriers, tanks, fighters and bombers 
may cease to have a primary role in the 
postmodern theater of war. Most U.S, 
forces might be stationed at home. Dur¬ 
ing the Qrst stages of a conflict, long- 
range missiles would destroy air de¬ 
fenses or other key infrastructure. Lat¬ 


er, inexpensive staging platforms would 
be needed to field large numbers of 
missiles, weapons systems far less ex¬ 
pensive than the submarines and air¬ 
craft carriers now used. Some analysts 
have even toyed with the notion of a 
missile-laden Boeing 747 or a subsur¬ 
face tug carrying a barge crammed with 
projectiles. 

The navy, in fact, has begun to con¬ 
sider building an arsenal ship, which 
might be a tankerlike vessel loaded 
with hundreds of vertically launched 
cruise missiles or other projectiles. The 
arsenal ship, which would be partially 
submerged to avoid detection, is esti¬ 
mated to cost less than a fifth of the 
purchase price of a $4.5-billion aircraft 
carrier. Instead of a crew r numbering in 
the thousands, it might need fewer than 
50 people. 

Big changes would occur in land war¬ 
fare as well. At least in the early stages 
of a conflict, in a step toward the sd- 
ence-fiction fantasy of robotic warfare, 
most human soldiers might be kept 
well away from the battlefield. The re¬ 
connaissance and targeting role will in¬ 
creasingly be taken over by unpiloted 
aircraft, highly novel versions of those 
flown during Desert Storm and in Bos¬ 
nia. Tiny, low-cost sensors in the air or 
on the ground might be deployed by 
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the hundreds or thousands, forming a 
network that could beam a composite 
image of an unfolding skirmish. 

Electronic intelligence today depends 
heavily on large aircraft filled with sen¬ 
sors-the air force’s advanced warning 
and control system (AWACS) or the 
army's joint surveillance target-attack 
radar system (JSTARS). Precisely be¬ 
cause the battle view supplied would 
become ever more crucial, an AWACS 
or a JSTARS would be increasingly vul¬ 
nerable: if shot down, it could cause an 
electronically illuminated battlefield to 
go dark. Safety in numbers may be the 
answer. A research group at the Massa¬ 
chusetts Institute of Technology's Lin¬ 
coln Laboratory has contemplated 
building drones smaller than a model 
airplane. Eventually, large numbers of 
these minute craft could collectively act 
as battle surveyors. Sikorsky Aircraft 
has fashioned a flying-saucerlike vehi¬ 
cle, powered by rotary motors, that 
could act as a scout or drop mines or 
sensors. “If you have 1,000 unmanned 
aerial vehicles, you can afford to lose 
100," says Martin C. Libicki of the Na¬ 
tional Defense University. 

At least in theory, land-based weap¬ 
ons could also become smart, numer¬ 
ous and relatively cheap. Lethal robots 
may look less like the Terminator than 


like a mine. Military contractor Textron 
Systems Division, for example, already 
has a “wide area mine” that uses sen¬ 
sors to detect a tank or helicopter and 
then launches projectiles at it. 

The few manned units sent to the 
battlefield would consist of dispersed 
special operations units that could per¬ 
form reconnaissance missions or deter¬ 
mine battle damage. Contingents spread 
out over the landscape might ride in 
stealthy attack helicopters or commer¬ 
cially purchased Jeeps, the chassis only 
lightly armed but crammed full of sen¬ 
sors and communications and jamming 
gear. Toward the latter stages of a con¬ 
flict, more conventional armored and 
infantry forces would arrive; combat 
might still end by occupying territory. 

Future war might become a contest 
for domination of space, as both sides 
try to deploy and preserve communica¬ 
tions and surveillance satellites. Con¬ 
cocting lasers or weapons that employ 
the kinetic energy of a high-impact col¬ 
lision to kill satellites might give aging 
Strategic Defense Initiative scientists a 
chance to dust off old research papers. 
Single-stage-to-orbit launch vehicles 
might be needed to place a network of 
satellites over a battle area. 

The most important changes may re¬ 
late not to the technology- but to the way 



PERSONAL COMPUTERS versus main¬ 
frame? Unmanned aerial vehicles, such 
as the six-foot-diameter rotary motor- 
powered prototype tested by Sikorsky 
Aircraft (left) or the stealthy drone man¬ 
ufactured by Lockheed Martin and Boe¬ 
ing (middle), are in development. They 
could gradually take over some of the 
functions of large surveillance aircraft, 
such as the U.S. Army's joint surveil¬ 
lance target-attack radar system (right). 


these systems transform military orga¬ 
nization—and the pace at which deci¬ 
sions are made. "The real innovation 
may be the ability to integrate sensors 
and weapons to coordinate forces effec¬ 
tively,” says Andrew Marshall of the Of¬ 
fice of Net Assessment. In the year 2020 
the panoramic image of battle that 
emerges from the mesh of sensors may 
make military commanders more into 
split-second air-traffic controllers than 
deliberative strategists and tacticians. 
The same commander may order weap¬ 
ons strikes from air, land or sea—or 
maybe even space. In some cases, tar¬ 
geting information may be beamed di¬ 
rectly from a satellite or an unmanned 
aerial vehicle to a soldier in the field. 

War by Wire 

D ebate on high-tech fighting culmi¬ 
nates in the question of whether 
information technologies—a computer 
virus, for one—could make convention¬ 
al military hardware obsolete and wheth¬ 
er they would make possible a virtual 
invasion of the continental U.S. A battle 
of the bits would be fought by destroy¬ 
ing an enemy’s information assets, its 
financial, electrical, telecommunications 
and air-traffic-control networks. Direct 
strikes at the military would not be 
ruled out: cracking a government com¬ 
puter is already a not infrequent hack¬ 
er rite of passage. In addition, more 
than 95 percent of military communi¬ 
cations travel over public networks. 

Daniel T. Kuehi is a professor of mili¬ 
tary strategy at the National Defense 
University, who earlier in his career 
worked for the Strategic Air Command 
planning tvhere to aim nuclear weapons 
at the Soviet Union. He now teaches at 
the School of Information Warfare and 
Strategy, established two years ago at 
this graduate military school. The pro¬ 
gram offers courses in cyber-war simi¬ 
lar to those that have recently sprouted 
throughout the military. It joins a num¬ 
ber of offices in the Pentagon and the 
various services that bear the name “ in¬ 
formation warfare." 

KuehTs students will return to the 
armed forces and other government 
posts to help defend against attacks on 
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A Faster, Cheaper, Smaller Military? 


D efense budgets have dropped somewhat in inflation- 
adjusted dollars from their cold-war average of $300 
billion. Nevertheless, with expenditures totaling about $260 
billion for the current fiscal year, the US. spends more on 
defense than every prospective enemy and neutral country 
combined. “We could probably cut defense spending by 
$35 billion and still remain the world’s preeminent military 
power/' notes Lawrence Korb, a senior fellow at the Brook¬ 
ings Institution and a former assistant secretary of defense 
in the Reagan administration. (The chart below conveys an 
idea of the magnitude of U.S. spending for 1993 .) 

A war that emphasizes precision-guided missiles and 
commercially procured information and transport technolo¬ 
gies might cost less to fight 
than one that relies on large 
weapons systems, a Seawolf 
submarine and an F-22 fight¬ 
er. Moreover, readying military 
forces to fight two almost si¬ 
multaneous Desert Storm¬ 
like conflicts may prove an 
unnecessary extravagance in 
an era of budget tightening. 

The Defense Budget Project, 
an independent research or¬ 
ganization, has recommend¬ 
ed that preparing to fight only 
one regional conflict may be 
a means to free up funding to 


experiment with new technologies—an arsenal ship or 
networks of unmanned aerial vehicles. 

But the track record on embracing wholly new types of 
warfare is not particularly good. In 1978, more than a de¬ 
cade before the end of the cold war, physicist Philip Morri¬ 
son and political scientist Paul F. Walker wrote a book on 
military spending that suggested that a relatively inexpen¬ 
sive national defense could be built around precision mu¬ 
nitions, thereby forgoing vulnerable weapons platforms 
such as the aircraft carrier. Budgets, they asserted, could be 
cut by 40 percent. Their ideas, of course, have remained 
no more than academic treatise. "We want to say warfare is 
changing, but not ours," Morrison remarks today. 

Scenarios for future wars, in 
fact, could simply become a 
means of preserving the sta¬ 
tus quo. "Is the Pentagon’s 
Revolution in Military Affairs a 
scam?" writes Steven After¬ 
good of the Federation of 
American Scientists. "Could it 
be just another, more seduc¬ 
tive way of packaging military 
programs to help sustain de¬ 
fense budgets at a time when 
the long-standing military jus¬ 
tification for existing struc¬ 
tures and programs has di¬ 
minished sharply?” 


GLOBAL MILITARY EXPENDITURES IN 1993 
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information resources. "How do yon 
know you’re under attack and who did 
it?” Kuehl asks his classes. Other points 
for discussion: Does the military have 
any responsibility for defending the 
stock market against malicious attack? 
Should a nation declare war when a 
major financial system is brought down 
through electronic means? Should it re¬ 
spond with conventional or nuclear 
weapons? When is victory achieved in 
such a conflict? Should the U.S. engage 
in offensive information maneuvers to 
destroy or muddle databases an enemy 
uses to choose targets? 

Toffterian Wave Theory 

T hese questions often gel mixed 
with a large helping of popular so¬ 
ciology. The School of Information War¬ 
fare and Strategy may be die first grad¬ 
uate program to frame a course of study 
around the ideas of mass-market au¬ 
thors Alvin and Heidi Toffler, perhaps 
best known these days as consultants 
to Speaker of the House Newt Gingrich. 
The 7 others have had a pervasive influ¬ 
ence on the military. In a monograph 
entitled “Envisioning Future Warfare," 
recently retired army Chief of Staff Gen¬ 
eral Gordon Sullivan cites .Alvin Toffler 
in 10 of 38 references. 


At the school of information warfare, 
the world becomes segmented by the 
Tofflers’ "wave” theory, die notion that 
society—and war itself—is passing into 
a postindustrial information age that 
follows a “second wave” industrial era 
characterized by the use of tanks and 
bombers and a “first wave” agrarian 
economy that employed muskets and 
spears. “As the Third Wave war-form 
takes shape, a new breed of ‘knowledge 
warriors’ has begun to emerge—intel¬ 
lectuals in and out of uniform dedicat¬ 
ed to the idea that knowledge can win, 
or prevent, wars,” the Tofflers write ear¬ 
nestly in War and Anti-War . 

Elite corps of knowledge warrior- 
hackers may not be able completely to 
replace conventional divisions of 20,000 
armed grunts. John L Alger, dean of 
the information warfare school, lapses 
into Tofflerese to explain why. “Most of 
the world still has second-wave armies, 
and we sdli have to concern ourselves 
with physical destruction as a threat to 
the U.S.,” he says. 

This vision of wars to come may 
emerge From reading too many futuris¬ 
tic treatises. Not everyone in the defense 
establishment warms to embracing the 
new fighting methods so quickly. The 
military' still treasures its aircraft carri¬ 
ers and fighter planes. Reticence may 


also stem from a fear that the new tech¬ 
nologies may not work as expected. 
Two sides lobbing missiles at each oth¬ 
er may revive an apocalyptic form of 
trench warfare in which each side 
bloodies the other but fails to achieve 
victory’. “It maybe a long-range equiva¬ 
lent of 1914,” says Daniel Goure of the 
Center for Strategic and International 
Studies in ref erence to the World War I 
stalemate. 

.And flooding more information to 
soldiers may not give them a better 
grasp of an unfolding battle. The U.S. 
military' has wrestled with the travails of 
the information age since the Vietnam 
W'ar. Instead of streamlining the man¬ 
agement of war, the expanding commu¬ 
nications infrastructure in Southeast 
Asia led to a burgeoning of support per¬ 
sonnel. Five percent of all h oops there— 
a unit larger than a division—handled 
communications. In his 1985 book. 
Command in War , historian Martin van 
Creveld of the Hebrew University in Is¬ 
rael notes that “the communications 
establishment made possible by the rev¬ 
olution in technology, and necessary in 
order to deal with the consequences of 
specialization and complexity, had it¬ 
self turned into a major source of both 
specialization and complexity. The cure 
was part of the disease." 
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Things have not necessarily changed. 
The Lf.S. Army has stated its intention 
of using high technology to decrease the 
size of its forces. But this past August, 
in a war game that deployed armored 
units to test digital communications 
systems, soldiers found they had more 
work—time spent putting information 
into computers or connecting one sys¬ 
tem to another, according to a report in 
the independent newsletter Inside the 
Army , After the exercise, an officer of¬ 
fered the opinion that the targeting effi¬ 
ciency of a new tank, the M1A2, might 
improve fighting capability more than 
advanced digital communications could. 

In another war game in 1994, a digi¬ 
tal battalion became confused when 
a nonautomaied opponent lit fires to 
fool, or “spoof,” infrared sensors de¬ 
ployed by the high-tech forces. What is 
more, the digital soldiers performed no 
better than other units that had fought 
the same opponent without 
advanced equipment. 

Issues of cost and techni¬ 
cal feasibility also pervade 
the debate over the naval 
arsenal ship. The new r ves¬ 
sel might not be such a bar¬ 
gain. It has to travel with 
other ships for protection. 

An electronic message post¬ 
ed on the Internet lam¬ 
pooned the idea: “One low- 
tech incoming, and we could 
double the national debt,” 
a suggestion of what might 
happen to an arsenal ship 
if targeted by an inexpem 
save missile, 

Low-Intensity Conflict 

Tf the military is looking 
Jl for the nature of war in 
the next century, it may be 
looking in the wrong place. 

By some accounts, the generals have 
yet to learn the lessons—or adapt their 
war-fighting methods—to the type of 
conflict that has predominated since 
World War 11, This argument represents 
a broadside on the school of military 
thinking associated with Carl von 
Clausewitz, the Prussian army officer 
whose writings on war are often dis¬ 
tilled to the cliche that war is a contin¬ 
uation of politics by other means. This 
intersecting notion of politics and 
armed conflict can be linked to the idea 
that the modem state and its armies 
are the only legitimate purveyor of or¬ 
ganized violence. Anyone else taking 
up arms is either an outlaw or a bandit, 

A number of military historians have 
declared the ClauseW'itzian world of 
states fighting states to be effectively 


dead. In his book The Transformation 
of War—published, in a grim irony, on 
the day the ground offensive of the Gulf 
War was launched in 1991—van Crev- 
eld argues that the terms of modem 
warfare and the costs of advanced weap¬ 
ons systems are making traditional com¬ 
bat ever less likely. In a nuclear era, all 
sides must exercise restraint or risk 
mutual annihilation. This measure of 
self-control, van Creveid believes, also 
extends to the use of chemical and bio¬ 
logical arms. Few nations would dare to 
unleash them against an enemy, for fear 
that the retaliation, by the attacked state 
or one of its more powerful allies, might 
be a nuclear strike. (Unfortunately, 
chemical and biological weapons might 
still become the inexpensive weapons of 
choice among terrorists, who would not 
be constrained by this vulnerability',) 

In a world populated by nuclear weap¬ 
ons and their cousins, war has noi gone 


away but simply shifted to another are¬ 
na. Van Creveid maintains that most 
conflicts—Somalia, Rwanda and even 
Bosnia—do not involve state against 
state and that these wars take place 
largely without deploying advanced 
weaponry. Of the 100 or so wars fought 
since World War IT more than 80 have 
been characterized as low-intensity con¬ 
flicts, many of which are civil wars or 
ethnic hostilities. They are often engen¬ 
dered over scarcity of resources [see 
“Environmental Change and Violent 
Conflict,” by Thomas F. Homer-Dixon, 
Jeffrey H. Boutwell and George W. Rath- 
jens; Scientific American, February 
1993). Low-level snuggles, despite the 
modest sound of the name, often attain 
genocidal levels of bloodshed. The Ni¬ 
gerian civil war claimed the lives of more 


than one million people from 1967 to 
1970, and turmoil between Hindus and 
Muslims in India took a toll of one mil¬ 
lion from 1947 to 1949. The neat cate¬ 
gorizations on the nature of warfare 
set out in the Clausewitzian universe 
have been completely lost in the strife. 

Peacekeeping has therefore become 
the order of the day. Unfortunately, that 
order flummoxes many in a military 
elite that has spent decades preparing 
to stop waves of Soviet tanks from roll¬ 
ing across across the West German 
border. These officers, too, still experi¬ 
ence lingering effects of a post-Vietnam 
syndrome, that soldiers should leave 
the barracks only to protect clear-cut 
threats to the national interest. In a 
1993 U,S. Army manual this type of 
quasi-police activity is relegated to a 
chapter with the Orwellian title “Opera¬ 
tions Other Than War.” 

The various service branches do train 
for what is reduced to the 
inevitable acronym “GOTW.” 
The army, for one, has set 
up a peacekeeping institute 
at its Army War College in 
Carlisle, Pa. But the mili¬ 
tary and Congress have a 
decidedly ambivalent rela¬ 
tionship to these types of 
conflicts. Chairman of the 
Joint Chiefs of Staff Gener¬ 
al John Shalikashvili com¬ 
mented last year: “My fear 
is we're becoming mesmer¬ 
ized by operations other 
than war, and we'll take 
our mind off what we're all 
about, [which is] to fight 
and win our nation's wars.” 

Nevertheless, the military 
has devoted some effort to 
devising weapons and tac¬ 
tics more appropriate to 
the next Somalia than the 
B-2 bomber and the I ndent 
submarine are. The army, the Depart¬ 
ment of Energy*, the Advanced Research 
Projects Agency and other research in¬ 
stitutes have labored on technologies 
that would minimize the bloodshed, or 
at least the public-relations sting, of 
these nasty and brutish affairs. 

Lawrence Livermore National Labora¬ 
tory has devised an infrared sensing 
system, called Lifeguard, that could be 
used by peacekeepers or even police to 
detect the precise location from which 
a sniper's bullets originate. The Ad¬ 
vanced Research Projects Agency has 
equipped U.S. soldiers on a peacekeep¬ 
ing mission in Macedonia with a combi¬ 
nation rescue-radio and satellite-loca¬ 
tion receiver that beeps when a soldier 
or vehicle gets within 500 meters of 
the Serbian border. (Crossing the bor- 



SNIPER TRACKER, developed by Lawrence Livermore National 
Laboratory, determines the location from which an automatic ri¬ 
fle (background photograph ) fires. On the tracking screen, the 
cross in the rectangle at the bottom left shows the firing point. 
Each series of colored squares represents the track of a bullet. 
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‘’TECHNICALS," pickup trucks with automatic weapons, have been used by clans 
in Somalia to terrorize the streets of the capital city of Mogadishu. They are a prod¬ 
uct of a deadly indigenous cottage industry. 


der inadvertently could cause an inter¬ 
national incident.) 

A set of unusual technologies has be¬ 
gun to contribute to peacekeeping. “Non- 
leLhal” weapons are intended to stun or 
immobilize but spare their victims. A 
chemical that makes a street slippery or 
sticky, rendering it Impassable to traf¬ 
fic and passersby, may deflect public 
condemnation. “Rather than shooting 
a 14-year-old boy, you stop him with 
sticky glue,” says Andrew J. Bacevlch of 
the Nitze School at Johns Hopkins. “You 
can do an operation without having the 
media lambaste you for inhumane and 
cruel treatment." 

US. marines dispersed a mix of sticky 
foam, concertina wire and small, point¬ 
ed objects that look like jacks to hold 
off crowds of Somalis during the with¬ 
drawal of U N. peacekeeping troops in 
early March, says Charles S. Heal, the 
marine officer who coordinated the use 
of these weapons. The troops had a 
five-minute respite before the Somalis 
put down planks and used a number of 
other ploys that enabled them to tra¬ 
verse the barrier. 

Threats of force were perhaps as ef¬ 
fective in Mogadishu. Training a visible 
laser used to illuminate targets on tres¬ 
passers who made their way onto a 
runway kept loyalists to warlord Mo¬ 
hammed Farah Aidid outside the airport 
perimeter. “The guys had seen enough 
Schwarzenegger movies to know it 
worked,” says Anthony Fainberg of the 
recently disbanded Office of Technolo¬ 
gy Assessment. 

The nonlethals are subject to the 
same dynamics as other weapons tech¬ 
nologies—any arm ament engenders 


countermeasures, “Sand spread on the 
stickum-coated pavement would pre¬ 
sumably stick (what else?) and provide 
a sandpaper surface on w hich one could 
walk or drive,” writes Richard L, Gar- 
win, an IBM f ellow and a longtime ad¬ 
viser on defense technologies and arms 
control. "Before sand could be spread, 
attaching a pad of newspaper on the 
sole...would allow ? one step per page- 
enough to cross a small region of stick- 
unycovered pavement at high speed.” 

Nonlethals also bear a taint of deadli¬ 
ne ss and may prove inhumane. "The 
grime from hell,” as Garwln calls one 
hypothetical weapon, a thin layer of 
paint that can be sprayed onto an ag¬ 
gressor’s windshield to obscure vision, 
could certainly cause a fatal loss of ve¬ 
hicle control. An international ban was 
recently approved on lasers that per¬ 
manently blind victims, a type of weap¬ 
on classified as nonlethal. 

Low-Tech Retaliation 

S oldiers armed with weapons that do 
not kill face a fundamental dilem¬ 
ma in lighting a w ? ar. “To paraphrase 
Clausewltz,” van Creveld says, “those 
who think war can be waged without 
bloodshed should be wary of an oppo¬ 
nent coming along and cutting off their 
heads," While the West concocts kinder 
and gentler weapons, determined irreg¬ 
ular fighters in the Third World (or else¬ 
where) may fail to observe a protocol 
that avoids deaths. The quintessential 
postindustrial war machine is a Somali 
“technical,” a pickup truck with an au¬ 
tomatic weapon mounted in the back. 
Moreover, a Somali warlord or his ilk 


may not have to gain an ultimate stra¬ 
tegic advantage to win. He may indulge 
in the subtleties of information warfare 
and global public relations by manipu¬ 
la Ling the power of satellite new s broad¬ 
casting to influence an event without 
recourse to superior weaponry. The im¬ 
pact of television imagery of a dead 
U.S. soldier being dragged through the 
streets of Mogadishu most likely con¬ 
tributed to the U.S. decision to call off’ a 
hunt to track down Aidid and to set a 
date for a withdrawal of its troops. 

A tribal leader, meanwhile, may con¬ 
duct information warfare with technol¬ 
ogies that predate Thomas Edison. Ai¬ 
de's followers in Somalia reportedly 
communicated U.S. troop activity at the 
Somali airport to their peers by beating 
w ? ooden sticks on oil barrels. To avoid 
detection, Aidid shunned use of the 
telephone altogether. 

Messages encoded as drumbeats will 
leave suites of Infrared sensors undis¬ 
turbed. Technological sophistication, a 
prerequisite for strategic dominance in 
a regional theater of war, may thus 
founder in the chaos of a Saigon or a 
Mogadishu. “We’re getting a lot of clev¬ 
er ideas about how to fight a Gulf War 
more efficiently” remarks Ubicki of the 
National Defense University. “But we 
rarely get anything about how to fight 
a Vietnam more efficiently.” 

The disparity between war as a tech¬ 
nological tour de force and the realities 
of low-level conflict have yet to be rec¬ 
onciled by the leaders of large standing 
armies. Precision bombing may achieve 
some success in Bosnia. But decisions to 
proceed with air strikes become mud¬ 
died when U.N. troops are chained as 
hostages to Serb military targets. War at 
a distance—the vision put forth by the 
seers of future conflict—may quickly 
erode in the ambiguities of OQTW. 
Peacekeeping may confound the com¬ 
plex stratagems of nuclear planners, 
who have defined the nature of warfare 
for the past half century. The fragile 
cold-war balance of powder has given 
way to a fog of peacetime. 


Further Reading 

The Transformation of W ar. Martin van 
Creveld. Free Press, 1991. 

Monitoring Emerging Military Technol¬ 
ogies. Steven Aftergood in Federation of 
American Scientists Public Interest Report, 
Vol. 48, No. 1, pages 1-14; January-Febru- 
ary 1995. 

The Mesh and the Net; Speclttations on 
Armed Cqnfuct in a Time of Free Silicon. 
Martin C Libicki. Available on the World 
Wide W ? eb at http://www.ndu.edu/ndu/ 
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International Scientific and Technical Opportunities 


Asst Prof of Planetary Science 

Ph.D + observ. & instrument exp. 
California Inst, of Technology 
Div. of Geological & Planetary Sci. 
Four years. Interest & exp. in obser¬ 
vational, mul ti “Clement telescope 
arrays. Use of various observatories. 
□24 

Center Director 

Water treat, or process engin. exp. 
Mid. East Desalination Res. Ctr. 
Lead institutional development. 
Conduct, facilitate, coordinate & 
support stare-of the art basic & 
applied research. In Muscat, Oman. 
025 

Health Sci. Admin/Med Officer 

Ph.D. or relevant experience 
National Institutes of Health 

Office of AIDS Research/Director 
Exp in AIDS-related research in 
Therapeutics, budgets, serve as 
Chain Therapeutics Coord. Comm. 
026 

Assistant Professor 

Phi). 

Mount Sinai Medical Center 

Structural Biology Program 
Interest fk exp. in high res. NMR 
Spectroscopy, biomol, structure & 
Junction, & X-Ray Crystallography. 
027 

Associate & Full Professor 

PhD 

Mount Sinai Medical Center 

Structural Biology Program 
Interest &; exp. in high res. NMR 
Spectroscopy, biomol. structure & 
function, ik X-Ray Crystallography. 
028 

Staff Scientists, all levels 

Ph.D 

Cleveland Clinic Foundation, 
Eye Institute 

Training: mol bio, cell bio, biochem, 
human genetics, or epidemiology. 
Mol degeneration & retinal diseases. 
029 


Luce Prof, in Human Origins 

Ph.D. in an thro, bio anthro, anatomy 
George Washington University 
I department of Anthropology 
Requires tenure or equivalent status. 
Will work with National Museum 
of Natural H istory Sc Smithsonian. 
□30 

Director 

Ph.D. biological sciences + 3-5 yrs 
research Sc 2-4 yrs supervisory exp. 
University of Pennsylvania 
Institute of Human Gene Therapy 
Direct a lab in histopathology; mor¬ 
phology, & assays of immune funct. 
031 

Research Assistant Professor 

Phil 

Univ of MD School of Medicine 

Dept Microbiology & Immunology 
Non-tenure tmek, study antigen- 
driven selection of T lymphocytes. 
Dkg in immune potentiation helpful. 

032 

Center Director 

Ph.D/M.D, management exp., Sc 
expertise in human genetic research. 

NIH/NCHGR 

Ctr. Ibr Complex Disease Research 
Effective in organizing Sc supervising 
team mapping & identifying genes. 
033 


Postdoc & Research Assoc, 

Ph.D mol. bio., Immunol., generics, 
biochemistry, or instrumentation. 
Univ, of Texas, SW Medical Ctr. 
Develop Sc implement technologies 
in gene therapy applying mol bio., 
biochem, genetics Sc instrumment. 
034 

Assistant Professor 

Ph.D. 

Columbia University 

Faculty of Medicine 
Epidemiology, data analytic proce¬ 
dures, genetics, genetic epidemiolo¬ 
gy, Interest linkage Sc stat. genetics. 
035 

Assistant Professor 

M.D, or M.D./PbD 

NICHD 

Heritable Disorders Branch 
Investigating heritable human disor¬ 
ders. Interest in clinical & basic 
research. Genetics Board certif. a +. 

036 

Several Tenure-track Positions 

Ph.D 

Univ TX, HSC, San Antonio 

Dept of Microbiology 
Focus on microbial pathogenesis, 
host-pathogen interactions & 
inflammation. 

037 


Dean 

Ph.D. 

CA State Univ,, Long Beach 

College of Natural Sciences & Math 
Requires: strong publication recoup 
teaching, administration, fiscal man¬ 
agement, & fund raising experience. 

038 

Nutritional Biochemist 

Ph.D., esp. nutritional biochemistry 
Univ, of Nebraska, Lincoln 
Dept of Animal Science 
12 month. 70% research, 30% teach.. 
Focus on ruminant animal nutrition 
& biochemistry of nutrition. 

039 

Integrative Neurobiologist 

Ph.D 

Bowman Gray School of Med. 

Dept of Neurobiology Sc Anatomy 
Assistant/Associate Professor posi¬ 
tion. Research in modern systems, 
cellular, Sc/or molecular approaches, 
04(1 

Sensory Neurobiologist 

Ph.D. 

Bowman Gray School of Med. 

Dept of N euro biology & Anatomy 
Research in a CNS system with an 
emphasis on processing, develop¬ 
ment and /or plasticity. Rank open. 
(Ml 

Assistant Professor 

Ph.D, + postdoc res. Sc accomplish. 

Washington University, St. Louis 

Dept of Biology 

Develop active research program in 
any area of e cology Sc teach at die 
undergraduate Sc graduate levels. 

1142 

Tenure-track Positions 

Ph.D. 

Univ, of PA 3 School of Medicine 

Dept of Biochemistry Sc Biophysics 
Research interests in molecular biol¬ 
ogy with strong bkg. in biochem¬ 
istry, chemistry, or physics. All levels. 
043 


NEUROSCIENCES - NEURON- GLIA INTERACTIONS ^ 

MULTIPLE SCLEROSIS 

A Paris based research laboratory, with public funding, 
is looking for two INSERM Scientists, as group leaders and is 
recruiting a Postdoctoral fellow in protein biochemistry. 

The laboratory will be set up next year as an INSERM unit 
in the very center of Paris. 

Applicants should include a CV, names of two referees, and in the 
case of the group leaders, a brief statement of research interest. 

Send applications by Fax: (S3) 1 47 $8 10 65 
. or (33) 143 31 1312 J 


To apply for a position with a code number please send your CV and letter of interest by fax or post to 

Bill Moran Nature Classified, Nature America Inc., 345 Park Avenue South, 10th Floor, New York, NY 10010-1707 
Telephone: +1 800 989 7103 Fax: +1 212 696 9482 or +1 800 989 7103 

lain Jawad Nature Classified, Macmillan Magazines, Porters South, Crinan Street, London N1 9SQ, UK 
Telephone: +44 171 843 4996 Fax +44 171 843 4991 

YOUR CV WILL BE FAST FORWARDED TO ITS DESTINATION THE SAME DAY! STRICT CONFIDENTIALITY WILL BE OBSERVED 

Deadline for responding to all listings is January 31, 1996. 
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[ VANDERBILT UNIVERSITY SCHOOL OF MEDICINE 

FACULTY POSITIONS IN POPULATION GENETICS 
AND GENETIC EPIDEMIOLOGY 

Vanderbilt University School of Medicine seeks applicants to fill new tenure track faculty 
positions as part of a multidisciplinary program expansion in genetics. Established 
scientists as well as new investigators having Ph.D. or M.D. degree(s) are invited to 
apply. Areas of emphasis include human population genetics, genetic epidemiology and 
study of polygenic disorders. Expertise in quantitative methods such as mapping of 
disease susceptibility loci and large scale automated genotyping as well as development 
of original methods and research designs are desired. Successful applicants will receive 
attractive start up packages and have opportunities for a variety of inter-departmental 
collaborations involving basic and clinical sciences. Salary and faculty rank will be 
commensurate with qualifications and experience. Vanderbilt University School of 
Medicine is an equal opportunity / affirmative action employer. 

Candidates should send a short statement of research interests, a CV and name of three 
references familiar with their work to: 


Genetics Initiative, c/o Dr. D.K. Granner 
Vanderbilt University School of Medicine 
707 Light Hall 
Nashville, TN 37232-0615 



SYMPOSIUM 

STEM CELLS, LINEAGE, AND PLASTICITY OF THE DIFFERENTIATED STATE 

Sponsored by 

Cutaneous Biology Research Center 
Massachusetts General Hospital/Harvard 

9am - 5pm 

Friday May 17th, 1996 

Armed Services UMCA (adjacent to Building 149) 

Charlestown Navy Yard 
Charlestown, MA. 

Scheduled Speakers: 

Nicole M. Le Douarin Embryogenesis: Stem Cells, Lineage and Plasticity. Institute d’Embryologie 
Cellulaire Ctr Moleculaire du CRNS, Nogent-sur-Marne Cedex, France. 

Elizabeth J. Robertson Zygotes, Embryos and Embryonal Carcinomas. Department of Cellular and 
Developmental Biology, Harvard University. 

Irving L. Weissman Development of the HaematolymphoidSystem from Stem Cells. Department of 
Pathology & Developmental Biology, Stanford University School of Medicine. 

Katia Georgopoulos Development of the Immune System: Stem Cells and Lineages. Cutaneous Biology 
Research Center, Massachusetts General Hospital/Harvard. 

Jeremy Brockes Amphibian Limb Regeneration: Plasticity or Stem Cells? Ludwig Cancer Research 
Institute, London, England. 

Frank E. Stockdale Muscle Development: Plasticity or Stem Cells? Department of Medicine, Stanford 
University Medical Center. 

Elaine V. Fuchs Development of the epidermis: Stem cells or fixed lineages? Department of Molecular 
Genetics and Cell Biology, University of Chicago. 

Andrew P. McMahon Development of the Nervous System: Stem cells. Lineage or Plasticity? Department 
of Cellular and Developmental Biology, Harvard University. 













RECRUITMENT 


ANNOUNCEMENT 



UNIVERSITY OF CAPE TOWN 

Dept of Zoology: 

Director: Percy FitzPatrick 
Institute of African Ornithology 


We Invite applications far tt>e above tenured position which is available at the tevei of full 
Professor as from 1 July 1W&. 

As the sac cestui candidate, you witi be expected to provide educational and research 
leadership in modern approaches to Avian Biology, particularly studies of living birds. You 
should have a proven record of intemationafly recognised scholarship and a commitment to 
stimulate research and postgraduate studies. You should also possess strong administrative 
and managerial skins. Including the ability to attract outside funding to the Institute; to 
participate In undergraduate teaching and tags cross-disciplinary and cross-institutional 
linkages, 

The FltzPdtrlck institute Is the premier ornithological research Institute in the Southern 
Hemisphere and Is dedicated to postgraduate studies, No particular field of Avian Biology is 
specified, but the Institute has strong Enterests In conservation biology, population dynamics, 
ecology, behaviour, evolution and the sustainable and economic use of birds, Expertise in any 
of these fields would be a recommendation 

The remuneration package includes attractive staff benefits such as a 13th cheque, a 
generous contribution to medicol aid costs, non-contributory retirement funding, a car 
scheme and a housing subsidy in certain circumstances. Details are available on request 

Please send your curriculum vitae together with the names, addresses, telephone and fox 
numbers of three contoctable referees to the Appointments Officer £Ref: SADI), Human 
Resource Management Department. University of Cope Town, Rondebosch 7700, South 
Africa. Telephone +27 21 660-2229; fax +27 21650-2138, e-mall;perappf@bferTFier.uct.ac.za for 
further information. The closing date far applications Is 31 January 1996, but the post will 
remain open until filled. 

The University at Cape Town s committed to polices of equal opportunity and affirmative 
action which are essential to its mission of promoting critical inquiry and scholarship. 


UNIVERSITY 
OF OULU 

OULU THE PROMOTER OF HITECH 
AND EDUCATION IN NORTHERN FINLAND 

Humanities, Education, Economics, Natural 
Sciences, Technology (incl. Architecture), 
Medicine, Dentistry and Health Care, distributed 
in five faculties. 

Fields of expertise: 

Biotechnology, Information Technology and 
Northern issues. 

11.000 students, total staff 2,500,1,200 academic 
degrees and 70 doctoral dissertations per year. 

Contact persons: 

Ms Leila Risteii, Research Services 
tel: +358 81 553 3970, fax: +358 81 553 3973 

Ms Elna Stjerna, Press and PR 
tei: +358 81 553 4090, fax: +358 81 553 4078 

P.O. BOX 191, FIN-90101, OULU, FINLAND 


UNIVERSITY 



COURSES 


International MBA 



Wirtschaftsuniversitat Wien, Vienna, Austria 
University of South Carolina. Columbia, USA 

* Joint venture of the #1 International Business 
School in America and Austria's leading 
Business School 

^International faculty and student body 
*A11 courses in English 
*3-nu>mh consulting project 

Wirtschaftsuniversitat Wien • IMBA 

Augasse 2-6 * A-1090 Vienna. Austria 
Phone: +43-1-31336/4327, 5310 
Fax: +43-1-31336/768 * e-mail: IMBA@wu-wien,ac.at 
World Wide Web: http://www.wn-wien.ac.at/inst/imba/ 


The best of all worlds. 


International Masters in 
Business Administration (MBA) 

One year, full-time 

Make the most of your executive experience and language skills 
by gaining the prestigious Internationa! MBA . 

The first semester is undertaken at Croupe ES.C. Poitiers > 
France ; and the second semester in Nene College, Northampton . 

77tc course aims to develop managers with an international 
outlook and is intended for graduates in any discipline who have 
gained relevant experience in industry or commerce. 

For further information contact: 

David Shuttleworth, Course Leader , 

Management & Business , 

Nene College of Higher Education, 

Park Campus, Bought on Green Road f 
Northampton NN2 7AL 
Telephone: 01604 735500 
Fax: 01604 721214 

NENE • NORTHAMPTON 

College of Higher Education 

Nene College of Higher Education is an exempt charity offering 
Undergraduate amt Postgraduate Degrees and Diplomas 



















MICHAEL GOODMAN 


THE AMATEUR SCIENTIST conducted by Shawn Carlson 


Measuring the Metabolism of Small Organisms 


M etabolism is basic to life. Every¬ 
thing that breathes combines 
chemical energy stored in its 
tissues with oxygen contained in the 
atmosphere to liberate energy to grow, 
move and reproduce. Despite long-run¬ 
ning efforts, biologists have so far sur¬ 
veyed only the basics of metabolism. 
Life is so diverse that discoveries await 
anyone who ventures carefully into 
these deep waters. Of course, few ama¬ 
teurs can grapple with the many tech¬ 
nical and ethical complexities involved 
in experimenting on large or warm¬ 
blooded animals. Fortunately, most of 
the earth's 10 million or so species are 
quite small and cold-blooded. Indeed, 
insects offer myriad opportunities for 
amateur exploration. 

It is actually quite simple to measure 
the metabolism of an insect. When an 
organism is enclosed in an airtight con¬ 
tainer, its respiration removes oxygen 
molecules from the air and releases car¬ 
bon dioxide. Often fewer molecules are 
added to the air than are removed. The 
resulting loss causes the pressure in¬ 
side the container to fall. 

That pressure drop is key to measur¬ 


ing metabolism, and it can easily be ob¬ 
served using a device called a Warburg 
apparatus [see illustration below\. The 
instrument consists of two stoppered 
test tubes connected by a capillary tube. 
A tiny droplet of oil (or soap) in the cap¬ 
illary tube moves in response to pres¬ 
sure differences between the test tubes. 
Therefore, as the respiration of an in¬ 
sect in one of the test tubes causes a de¬ 
crease in pressure in that tube, the oil 
drop will slip toward it. You can witness 
this movement if you warm one test 
tube with your hand. That makes the 
air inside expand and push the droplet 
to the cooler test tube. To quantify the 
movement of the droplet, photocopy a 
ruler with millimeter gradations and 
tape the copy to the capillary tube. 

As the warming with your hand dem¬ 
onstrates, the device is sensitive to small 
temperature differences between the 
test tubes. The best way to ensure equal 
temperatures is to submerge the tubes 
in a large basin of water. To keep them 
below the surface, attach them to the 
sides of the plastic cup. Weigh the cup 
down with sand, pebbles or a fistful of 
spare change. The cup also permits you 


to view the oil in the capillary tube in 
dry air. To reduce further the effects of 
temperature gradients, set the water 
moving slowly with a handheld body 
massager. 

If you know the air pressure, the wa¬ 
ter temperature and the distance the oil 
drop moves, you can determine the 
number of molecules the insect re¬ 
spires. The box on the opposite page 
lists the exact relations. 

The next step is to find the ratio of 
carbon dioxide produced to oxygen con¬ 
sumed. Called the respiratory quotient, 
it represents a fundamental measure of 
metabolism. It tells you what biological 
fuel the organism is burning. If it is 
converting sugar, the ratio is 1; for fat, 
about 0.70; for protein, about 0.80; for 
alcohol, about 0.67. For most creatures, 
the quotient ranges from 0.72 to 0.97, 
because organisms metabolize several 
kinds of energy sources simultaneously. 

To measure the respiratory quotient, 
you will need some sodium hydroxide 
(NaOH), which absorbs carbon dioxide 
from the air. Purchase thLs compound 
in solid form from any chemical supply 
house; check your Yellow Pages. But 
watch out—sodium hydroxide is caus¬ 
tic and will bum skin and eyes if not 
handled properly. Rubber gloves and 
safety goggles should be worn. 

Before conducting trials, you will need 
to deaT all the carbon dioxide out of the 
test tubes. Place several grams of NaOH 
in just one test tube. The toe of a nylon 
stocking makes an excellent pouch to 
hold the chemical; ball the nylon up on 
the open side to prevent the insect from 
touching the NaOH. Measure how long 
it takes for the droplet to stop moving, 
that is, for the NaOH to remove the car¬ 
bon dioxide from the air. Make sure to 
wait at least that long before you start 
each trial. You will want the system to 
come to equilibrium quickly, so use a 
lot of NaOH. {Alert readers may wonder 
about water vapor, which NaOH also 
absorbs; for technical reasons, it will 
not affect the measurements.) 

Now you are ready to begin the ex¬ 
periments. First, place both the wrapped 
NaOH and the creature inside one test 
tube and just NaOH in the other. Mea¬ 
sure how long it takes for the droplet 
to move at least five times the smallest 
distance marked on your scale. Then 
run a second trial for exactly the same 
length of time, but with only the organ- 


THERMOMETER 

X 


OIL 

DROPLET 


MILLIMETER SCALE 
CEMENTED TO UNDERSIDE 
OF CAFILLARYTUBE 



VIBRATING 
MASSAGER 
TO CIRCULATE 
WATER 


INSECT RESPIRATION can be calculated by knowing the air pressure, the water 
temperature and the distance covered by an oil droplet in the capillary tube . 
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12-VOLT 
AC-TO-DC 
ADAPTER 
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INTEGRATED 
-< CIRCUIT 
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GROUND 


CALIBRATION of the Honeywell trans¬ 
ducer relies on a difference of water lev¬ 
el in the two stiff tubes (right). The trans¬ 
ducer itself is powered by a type 7812 
chip (above). To clear any drops that get 
trapped, insert a wire into the tubes. 


ism. The box lists the equations need¬ 
ed to obtain the respiratory quotient. 
Note Lhat your results will be valid only 
if the organism is in the same physical 
state in both trials (not calm in one and 
agitated in the other, for example), if 
the NaOH removes all the carbon diox¬ 
ide from the air before that trial begins 
and if both trials are run for exactly the 
same length of time. 

With an investment of about $100, 
you can collect professional-quality data 
suitable for publication in a research 
journal. You will need to buy an elec¬ 
tronic differential pressure transducer, 
a device that converts pressure differ¬ 
ences into voltages that can be mea¬ 
sured with a voltmeter. 1 used a Honey¬ 
well model (No, 163PC01D36) that reg¬ 
isters pressure differences as small as 
0.0003 percent of one atmosphere. (For 
more information about this sensor, call 
the Honeywell Corporation at 815-235- 
6847.) 

The power-supply circuit for the de¬ 
vice could not be simpler. It consists of 
an AC-to-DC adapter wired to a type 
7812 integrated-circuit chip. Its voltage 
drifts a bit, causing the transducer's out¬ 
put to wander about 10 millivolts, but 
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that should not pose much of a problem. 

You will need to calibrate the trans¬ 
ducer with a manometer—a clear, U- 
shaped plastic tube with some water 
inside \see illustration above). I made 
mine oul of two thin, stiff tubes I found 
in the garden department of a hardware 
store. Aquarium pet stores also stock 
similar kinds of tubes. 1 joined the piec¬ 
es by inserting each into opposite ends 
of a six-inch-long flexible acrylic tube. 
The difference in height in the water 
column on eiLher side of the U is a di- 


800 1,600 
TIME (SECONDS) 

BEETLE BREATHS recorded over time 
indicate, by dips in the plotted curve, 
that the insect “exhales” about once ev¬ 
ery seven minutes. (Data were taken 
without NaOH J 


reel measure of the pressure. You can 
plot the output voltage against that dif¬ 
ference, in inches (to match the stan¬ 
dard units that pressure transducers 
made in the US. use). 

The transducer has two inlets that 
permit easy connection to the rubber 
stoppers of each test tube in the War¬ 
burg apparatus. I used this setup to 
measure the respiratory quotient of a 
beetle, which l found to be 0.701, aver¬ 
aged over several breaths. Of course, 
you can also measure the metabolism of 
other living things: mushrooms, seeds, 
bread mold, to name a few. 

For more information and suggestions 
for additional experiments, send $2 to the 
Society for Amateur Scientists, 4951 D 
Clairemoni Square , Suite 179 f San Di¬ 
ego, CA 921 1 7, or download the infor¬ 
mation free from http://www. thesphere. 
com/SAS/ or on Scientific American's 
area on America Online . Special thanks 
are due John Lighlon , professor of biol¬ 
ogy at the University of Nevada, for his 
assistance in preparing this column. 


Calculating Respiration 


T he number of molecules the organism respires, or AN, 
is equal to 9.655 xl0 ffi PAAL/T. Here Pis the atmo¬ 
spheric pressure in centimeters of mercury (if you do not 
have a barometer, call your local weather service whenev¬ 
er you conduct a trial), A is the cross-sectional area of the 
inside of the capillary tube in square millimeters, AL is the 
distance the droplet moves in millimeters, and T is the 
temperature of the water bath in kelvins. To convert Cel¬ 
sius to kelvins, add 273.15 degrees. The numerical con¬ 
stant is my own derivation from the physics involved. 

Figuring the respiratory quotient—the ratio of carbon 
dioxide molecules released to the number of oxygen mol¬ 
ecules consumed—is not much more difficult. It equals 

^^Q*NaOH~ ^N Q _ A^-O + MaQH - AL 0 

AN 0 + nja DH + AN 0 A L 0 + todH + A L Q 

where AN 0 is the number of molecules removed by just 
the organism, and AN Q+NaQH is the number of molecules re¬ 


moved when both the organism and the NaOH are in the 
test tube. 

As is the case for AN, the subscripts denote the condi¬ 
tions of the trial: either with the organism alone or with 
the organism and the NaOH. Note that you do not need to 
know the atmospheric pressure, temperature or area of 
the capillary tube if you are looking solely for the respira¬ 
tory quotient 

If you use the differential pressure transducer, the equa¬ 
tions are slightly different. The value of AN equals 
1.804 x 10 t9 VAP/T, where V is the volume in cubic cen* 
timeters of the test tube containing the organism (allow 
for the volume taken up by the insect and the NaOH), APis 
the pressure change in inches of water, and Tis the tem¬ 
perature of the water bath in kelvins. The respiratory quo¬ 
tient then equals (AP Q+Ha0H -AP 0 )/{AP 0+ilia0H + aP 0 ), where 
AP 0 + is the pressure change measured with both the 
organism and the NaOH in the test tube, and AP 0 is the 
pressure change measured when the organism is by itself. 
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ANDREW CHftFSTtE 



MATHEMATICAL RECREATIONS by Ian Stewart 


The Anthropomurphic Principle 


fve never had a piece of toast 
Particularly long and wide, 

But fell upon the sanded floor, 

.And always on the buttered side. 

S o wrote the poet James Payn in 
parody of Thomas Moore's lines 
about a gazelle in “The Fire Wor¬ 
shippers." The event Payn describes is 
the archetypal instance of Murphy's 
Law, which states that if anything can 
go wrong, it will. A captain in the U.5. 
Air Force—no prizes for guessing his 
surname—made the observation during 
the late 1940s. His law has many varia¬ 
tions and extensions, such as "Even if 
it can’t possibly go wrong, it still will," 
The prediction appears under many 
names other than Murphy. And in 1991 
the British Broadcasting Corporation's 
television series QED nearly disproved it. 

The show's host tossed toast into the 
air 300 times under various conditions 
and found that it was not prone to land 
buttered face down. Indeed, the results 
were statistically indistinguishable from 


I 



chance. There the matter might have 
rested were it not for Robert Matthews, 
a British journalist with a mathematical 
streak. Writing in the European journal 
of Physics, he has r ecently described two 
problems with QED J s experiments. First, 
Murphy’s Law by nature may conspire to 
falsify any experiments aimed at testing 
it. Second, toast is not normally hurled 
into the air during breakfast but most 
often knocked sideways off the edge of 
a table. QED 1 s experiments should have 
mimicked this same motion. 

Before we proceed, it is important to 
note that butter makes up no more than 
10 percent of the total weight of a typi¬ 
cal piece of toast. Most of this added 
mass is absorbed into the middle of 
the bread. So the topping has little effect 
on the dynamics of flying toast. Its ef¬ 
fect on the aerodynamics of the toast- 
resulting from changes in surface vis¬ 
cosity—is even more negligible. Further, 
Matthews traces Murphy’s Law to a 
simpler asymmetry: because the top 
surface of toast is buttered, that same 
surface remains on top when 
the toast is nudged over the 
edge of a table. 

As the toast falls toward the 
ground, it rotates at an angu¬ 
lar velocity determined by the 
degree by which its center of 
mass hung over the table's 
edge as it began its descent. 
Might it be the case that the 
height of a normal table and 
the earth's gravitational force 
conspire to create a predomi¬ 
nance of rotations through an 
odd multiple of 180 degrees? 
The short answer, according 
to Matthews’s calculations, is 
that they do. Indeed, a rotation 
that flips the toast over once 
for a butter-down landing is 
by far the most common. 

Before considering the un¬ 
derlying reasons for this un- 
happy coincidence, we would 
do well to summarize Mat¬ 
thews’s mathematical argu¬ 
ments. The illustration in the 
box on the opposite page 
shows the configuration of the 
toast and the main variables 
involved, together with some 
key formulas derived from 


Newton's laws of motion. The main 
conclusion is that the toast cannot land 
butter up unless the “critical overhang 
parameter’—the fraction of the toast 
that hangs over the edge just before it 
falls, relative to half the width of the 
toast—is at least 6 percent. Experiment 
shows that for bread this value is 2 per¬ 
cent and for toast, 1.5 percent. Both are 
far too small for the bread or toast to 
rotate through at least 360 degrees on 
its way to the floor. Because the rotation 
is provably at least 180 degrees, a but¬ 
ter-down landing is the inevitable result. 

Matthews’s case makes a number of 
assumptions, one being that the toast 
does not bounce when it hits the ground. 
The typical outcome is, after all, a splat, 
not a boing. Another guess is that the 
toast slides slowly over the table's edge 
so that it detaches at the critical over¬ 
hang value. No real difficulties here, ei¬ 
ther. Unless the horizontal velocity im¬ 
parted to the toast as it goes off the 
edge is at least 1.6 meters per second— 
a fairly hefty wallop—it has no serious 
effect on the lull. So if you notice toast 
sliding off your table, you could bat 
it firmly with your hand. The strategy 
might not save your toast, but it should 
avoid buttering the carpet. 

This analysis is all very well, but it 
suggests that Murphy's Law is merely a 
coincidence, a strange case of “murphic 
resonance" resulting from the arbitrary 
values human culture assigns to tables 
and toast, in conjunction with the equal¬ 
ly arbitrary value of the earth's gravita¬ 
tional field. In fact, as Matthews demon¬ 
strates, nothing could be further from 
the truth. Murphy's Law, as embodied 
in twirling toast, is a deep consequence 
of the fundamental constants of na¬ 
ture. Any universe that contains crea¬ 
tures remotely like us will necessarily 
inflict Murphy's Law on its inhabi¬ 
tants—at least if they eat toast and sit 
at tables. 

The precise argument is technical and 
convoluted, but its outlines are simple. 
The key piece of information comes 
from William H. Press of Harvard Uni¬ 
versity, who put forth in 1980 that the 
height of an organism that walks on 
two legs is limited by the gravitational 
held in which it lives. Compared with 
quadrupeds, bipeds are intrinsically un¬ 
stable. Their center of mass need only 
stray outside their "footprint" for them 
to topple over. Quadrupeds have a much 
larger region of stability: it is no acri- 
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The Murphodynamics of Toast 



D efine the critical overhang parameter—the initial por¬ 
tion of the toast that hangs over the table divided by 
half the width of the toast—as rj. Then Newton's laws of 
motion lead to the relation 
a> 2 = (6g/flKT)/(1 + 37j 2 ))sin ft 
as long as the toast is pivot¬ 
ing about the edge of the 
table. The toast begins to slip 
when its weight exceeds the 
frictional force at the table's 
edge. The rotation rate at that 
instant is the rate at which 
the toast will thereafter rotate 
during its drop. 

Simple estimates show that 
the toast will flip through at 
least 180 degrees on the way 
to the floor To land butter 
side up, it must therefore ro¬ 
tate at least 360 degrees. We 


know how fast the toast is rotating, and H, together with 
g t tells us how long it will take until the toast hits the floor. 
For tables and toast of conventional dimensions, Mat¬ 
thews shows that the toast 
rotates at least 360 degrees 
only when the critical over¬ 
hang parameter is greater 
than 0.06. The critical over¬ 
hang occurs when the toast 
first detaches itself and be¬ 
gins to fall freely. 


g = acceleration from gravity 
m - mass of the toast 
a - halt-width of the toast 
d = initial overhang 
$ - angle of rotation 
0 ) - angular velocity of rotation 
H ~ height of the table 


dent that giraffes are taller than humans. 

The maximum height for a biped is 
one at which, were the organism to fall., 
damage to its head would likely cause 
death* It is reasonable to assume that 
the height of a table used by such an in¬ 
telligent biped would be about half its 
own height. On the earth T a table must 
be some 10 feet high for Murphy's Law 
to be violated, so we would have to be 
nearly 20 feet tall to escape the unfor¬ 
tunate consequences of murphic reso¬ 
nance* The real question is: Might some 
race of aliens on some distant planet 
be murphically immune? 

To find out, Matthews models an alien 
as a cylinder of polymer topped with a 
headlike sphere. I will call such an or¬ 
ganism a polymurph. Death occurs if 
the chemical bonds in a polymer layer 
shear* Matthews determines that the 
height of a viable polymurph is at most 
(3 nq/f) l/2 ti 2 A~ l/ Ha/<x G ) l/ *Q Q < In this 


equation, n is the number of atoms in a 
plane across which any breakage takes 
place {typically about 100); q equals 
3.10^, a constani related to polymers; 
f is the fraction of kinetic energy that 
goes into breaking the polymer bonds; 
g is the radius of polymeric atoms in 
units of the Bohr radius; A is the atom¬ 
ic mass of polymer material; a equals 
the electronic fine structure constant 
e 2 /(2ht’ n c), where e is the charge on 
the electron, h is Planck's constant, e 0 is 
the permittivity of free space, and c is 
the speed of light; a G is the gravitation¬ 
al fine structure constant 2 nGm p 2 /hc f 
where G is the gravitational constant, 
and m p is the mass of the proton; and 
Oq is the Bohr radius. 

Plugging in the relevant values for 
our universe, we find that the maximum 
safe height for a polymurph is nine feet 
and eight inches. (The tallest recorded 
human being, by the way, is a certain 


Robert Wadlow r , who measured eight 
feet and 11 inches tall.) This is far short 
of the 20 feet needed to avoid butter¬ 
ing the kitchen floor* Interestingly, this 
upper limit on polymurph height does 
not depend on which planet the ahen 
inhabits. The reason is that the balance 
between internal gravitational forces 
and electrostatic and electron degener¬ 
acy 7 effects required to keep the poly- 
murph from falling apart relates the 
planeLs gravity to more fundamental 
constants. Thus, we find that Murphy’s 
Law is not coincidence at all but the 
consequence of some profound "an¬ 
thropomorphic” principle: any universe 
built along conventional lines that con¬ 
tains intelligent polymurphs will con¬ 
form to Murphy’s Law. Matthew’s con¬ 
cludes that “according to Einstein, God 
is subtle, but He is not malicious. That 
may be so, but His influence on falling 
toast clearly leaves much to be desired,” 


Feedback 


S everal readers wrote or sent e-mail 
to point out that Sherlock Holmes 
could have saved some extra time in his 
search for the Chastleigh Goat ("The 
Great Drain Robbery," September) by 
digging a disconnected ditch. Geoffrey 
L. Phillips of Briarcliff Manor, N.Y., put 
the case eloquently* 

“The question was not to find the 
shortest single trench; it was to find the 
minimal amount of digging* Instead of 
digging distances AB and CD—a length 
of 200 feet—you should have dug only 


58 feet from B toward A, and 58 feet 
from C toward D. Then a single third 
trench of 58 fe et—m i d way be - 
tween the two but farther from the r, 
center—would have completed 'vf 
the digging, the total distance be¬ 
ing (v^+/r)r" (red lines). 

My solution yielded a trench 
(2 +x)r in length* Phillips's ap¬ 
proach opens up a whole new set 
of questions. In particular, can you 
do better with two trenches? And what 
about three or more? — IS. 
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REVIEWS AND COMMENTARIES 


The Scientific American Young Readers Book Awards 


by Philip and Phylis Morrison 

The “Wonders" column will pause this 
month so that we can present our tradi¬ 
tional December reviews of young peo¬ 
ple's books. We have always used this 
occasion to single out those works that 
blend style and substance in some par - 
ticularly deft alchemy. This year we 
have formalized our judgment by be¬ 
stowing a new badge of merit—the Sci¬ 
entific American Young Readers Book 
Award—on the most outstanding of the 
many hundreds of these books that 
have crossed our doorstep over the pre¬ 
ceding 12 months. The winners are re¬ 
viewed below. We invite authors, pub¬ 
lishers, parents and young people in 
particular to tell us of current books 
they wish to honor: 


Peoples 

Moon and Otter and Frog, by Uura 
Simms. Illustrated by Clifford Brycelea. 
Hyperion Books for Children, 1995 
($14,95). Why the Sun and Moon Live 
in the Sky, Retold and illustrated by 
Niki Daly, Lothrop, Lee & Shepard Books, 
1995 ($15). The Story of the Milky 
Way: A Cherokee Tale, by Joseph Bru- 
chac and Gayle Ross. Paintings by Vir- 
ginia A. Stroud. Dial Books for Young 
Readers, 1995 ($14.99). The Fifth and 
Final Sun: An Ancient Aztec Myth 
of the Sun’s Origin* Retold and illus¬ 
trated by C. Shana Greger. Houghton 
Mifflin Company, 1994 ($14.95). 

M ost peoples have contrived to 
draw order out of the sky 
above. We receive these eye- 
and ear-catching tales through authors 
and artists who have colored them— 
what colors!—and shaped them to suit 
our times. Even so, a unity of observa¬ 
tion, inference and expression links 
these chains of imagination, even 
as we wonder at the diversity 
of settings and societies. All 
four of these books can de¬ 
light the youngest readers, 
even the read-to, by the 
glow of the images and by 
the bittersweet strangeness 
of the accounts. 

Long ago, say the Modoc 


people of the Pacific Northwest, 

Moon was lonely, if bright, over 
the waters. He saw a possible 
companion in his own reflec¬ 
tion. Moon visited Earth in 
the white buckskin and sil¬ 
ver beads of a Modoc war¬ 
rior. He learned that it was Otter's 
white face that had shone from 
the waves, while Otter had 
thought Moon a white-faced otter in 
the sky. How Moon chose a Frog wife, 
ugly but clever and loving, her silver 
comb still seen in the full moon, is a 
recognizable story of character. Laura 
Simms’s text is songlike, the paint¬ 
ings luminous and strange. 

In an audacious and successful gam¬ 
ble, Niki Daly, a Cape town artist, has 
set a witty West African myth in the 
playful style of a Renaissance comedy. 
Sun is a young dandy and a roamer, a 
smiling, rayed disk for his head. His 
wife, Moon, her head a silvery crescent, 
reclines in their stylish drawing room. 
Dazzled by Sea's endless song and 
dance, Sun grandly invites her and all 
her teeming family to visit. The outcome 
is as expected: Sea floods everything 
away. Ever since, Sun and Moon have 
dwelt in the sky, but apart. Moon can 
no longer abide her foolhardy mate 
and lives among her children, the stars. 

When the Cherokee still lived in the 
Smoky Mountains, they told of old days 
before the sky had stars. Over the long 
winter, people lived on bread made 
from com meal. Someone was robbing 
the stores: a huge, shining spirit dog. 
The people lay in wait and rose up all 
at once to beat drums and shake rat¬ 
tles, THUM THUM SHISSH SHISSH. As the 
dog fled to the sky, his mouth 
too full of stolen white 
meal, he left his track, 
the Milky Way, aglow 
across the newly 
starry sky. Virginia 
A. Stroud is a Chero¬ 
kee-Creek by birth and 
deftly evokes the took of 
those people, their sky and woods. 
The strangest of these stories is a 
complex myth of a war-beset empire, 
drawn from Nahua manuscripts of 
the 16th century and from old 


glyphs. Once there was 
no sun; the Evening Star 
alone lit the sky dimly 
for the giants who lived on 
Earth. One after another the 
warring gods contended to 
outdo one another. The God¬ 
dess of the Water became the 
Fourth Sun as an act of mercy; 
Earth became so fair that Man 
and Woman were created to en¬ 
joy it. But that sun, too, like its 
predecessors, was extinguished 
in tears by divine insults. Final¬ 
ly, the Fifth Sun was made, 
not in pride and conflict, but 
in humility by the least among 
the gods. Sun and Moon remain, given 
motion by the sacrifices of the gods 
themselves. Intricate illustrations gloss 
this wild, hopeful story. 

Buffalo Gals: Women of the Old 
West, by Brandon Marie Miller. Illus¬ 
trated with toned period photographs. 
Lemer Publications Company, 1995 
(S18.95). 

A striking, brief account of the worn- 
/ % en who went to win the West is 
_Z \. given real punch by many peri¬ 
od photographs, mostly over the 50 
years starting about 1840. Here are the 
toilsome strings of covered wagons, din¬ 
ners fixed at the wagon wheel, posed 
heroines, sod shanties and tar-paper 
shacks and, yes, plenty of headstones. 
Here are teachers and taxidermists, 
dressmakers, homesteaders, composi¬ 
tors, rodeo riders, actresses and a mis¬ 
sionary riding sidesaddle. Army wives 
faced endless moving from fort to fort. 
There are documents, too, of temper¬ 
ance and suffrage movements estab¬ 
lished by women. The first state to in¬ 
clude voting rights for women was Wy¬ 
oming, and it was the West that led. 
Eleven of the 18 states that were last 
to join the Union—all of them in the 
West—had guaranteed women’s suffrage 
by 1914. Not one of ihe first 50 states 
had done so. 

The Native .Americans and the Hispan¬ 
ic people already on the land lost out to 
the legions of emigrants. White women 
in general were more peaceable than 
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their men. “If women could go into your 
Congress,.. justice would soon be done 
to the Indians," wrote a Paiute author 
and lecturer named Sarah Winnemuc- 
ca, a national figure in the 1880s, 

The book ends with an arresting pho¬ 
tograph: two shadowy daredevil wom¬ 
en in wide skirts kicking high in their 
dance on a narrow rock shelf far above 
the Yosemite Valley, two Buffalo Gals 
at sunset. 

The Rules of Baseball An Anecdot¬ 
al Look at the Rules of Baseball 
and How They Came to Be, by David 
Nemec. Lyons & Burford, 1994 (31 
West 21st Street, New York, NY 10010) 
($24.95; paperbound, $16.95). 

I aws grow out of a great number of 
recorded events and decisions. 
J Here we find out about the legal 
regulations not of courts but of dia¬ 
monds, The rules of baseball are cited 
in full, on dose to 40 fine-print pages, 
from field layout to instructions for 
scorers (this book is an official publica¬ 
tion of Major League Baseball). The first 
couple of hundred pages recount infor¬ 
mally how these grand rules grew over 
the course of 150 years. 

The game we recognize as baseball 
arose out of manager Alexander Cart¬ 
wright's codification in 1846; although 
he wrote the rules, his Knicks lost the 
first game under them to the New York 
Nine in Hoboken, 23-1! Rules are 
not enough; you have to get 
more runs. 

This cheerful, colloquial 
little book is an ideal win¬ 
tertime companion for logi¬ 
cal young readers, who 
know that spring will come. 

Among the sharper factual 
hits: Home plate was at 
first a real round plate, 
squared off in 1869. A bunt 
was long called a baby hit; 
your reviewers dare to con¬ 
jecture that the current 
word arises from an allu¬ 
sion to the baby's bunting. 

Six-foot-tall pitcher Stu 
Miller received a harsh rul¬ 
ing, called a balk, when he 
was literally blown off the 
mound in San Francisco's 
windswept Candlestick 
Park during the 1961 All- 
Star game. Two runs scored, 
but in a happy ending, Mil- 
Ict won his game anyhow, for the wind 
blew hard on both teams. Fans well 
know that "time and chance happeneth 
to them all" 

What debates will rage around this 
volume! 


Technology and Physical 
Science 

Round Buildings, Square Buildings, 
& Buildings That Wiggle Like a Fish, 
by Philip M. Isaacson. With photographs 
by the author. Alfred A. Knopf, 1988 
(second printing, 1995} ($22). 

A bout 100 pages are here, wider 
/V than they are high. A few bear 
XI only a color photograph of some 
building old or new; most divide the 
page between a picture and 100-odd 
words of text. This artist shows us by 
example what he writes as precept: "Ah 
beautiful buildings, indeed all beautiful 
tilings, have a magical feeling about 
them...called harmony." In a dozen 
spare chapters he shows us the special 
qualities of walls thick and thin, of 
Light and color, of pathways and door¬ 
ways, of roofs, domes and ceilings, 
of the building's bones, of settings 
and more. 

The village Church of San Fran¬ 
cisco de Asis at Ranchos de Taos was 
built long ago by local builders, who 
brought an ancient craft to the Spanish 
priest's design. The buttressed walls of 
smoothed day over the adobe make a 
form that “might have risen from the 
desert and been carved by the wind.” 
At John F. Kennedy Airport, the design¬ 
ers of the TWA terminal smoothed it, 
too, in shapes of concrete that flow like 
the wind. In Stow-on-the-Wold, En¬ 
gland, a simple painted wooden 
door gleams bright red in its 
plain gray stone wall. Behind 
that door is housed the fire 
brigade; all harmony? 

Like the Parthenon, the 
Pantheon of Rome is shown 
here more than once. Its big 
eye open to sun and rain 
overhead casts a dazzling 
circle into the square-cof¬ 
fered dome. Deep in the 
Canyon de Cheliy we see 
the ruin of a dwelling aban¬ 
doned six centuries ago, at 
[he foot of a cliff so high 
that it becomes the sand¬ 
stone illusion of a sky. 
There are simpler, straight- 
line wooden buil dings, too. 
Three are shown on one 
spread: an old paper mill in 
Topsham, Maine, of paint¬ 
ed clapboard; fishermen’s 
shacks of cedar shingles 
on a rocky offshore island in the Gulf 
of Maine; and a resort structure at Sea 
Ranch in California, its redwood dyed 
black by the insistent sun and sea. This 
“simple style that we find all over Amer¬ 
ica” may come from the good carpen¬ 


ters who built them, like the old ones 
in Maine, or from a distinguished de¬ 
sign firm, as in the California example 
of 1966. The feeling is common, “hon¬ 
est and proud,” another strain of har¬ 
mony. 

Isaacson is an attorney in Lewiston, 
Maine, "an architectural fanatic and an 
incorrigible photographer" and a gifted 
critic whose own harmony of eye, word 
and lens has made a book hard to 
match or to forget, brief and easy 
enough for young browsers, deep and 
satisfying. 


In Marconi's Footsteps: Early Ra¬ 
dio, by Peter R. Jensen. Kangaroo Press, 
Australia, 1994 (In the US.: Seven Hills 
Book Distributors, 49 Central Avenue, 
Cincinnati, Ohio 45202) (US$39.50 
plus $3.50 postage). 

R eflective young Gugliclmo Mar¬ 
coni looks elegantly sidewise at 
you from the first picture. The 
next photograph shows the hilltop coun¬ 
try 7 villa outside Bologna where he grew 
up. His ScottisbTrish mother, Annie, 
was as firmly supportive as his wealthy 
Italian father was disdainful of their 
dreamy youngest child, who sought his 
way in science after failing admission 
to a naval officer's career. In 1894 the 
gifted physicist Heinrich Hertz died pre¬ 
maturely. Reading the obituary during 
a holiday in the Italian .Alps, 20-year-old 
Marconi first Learned of Hertz’s 1887 
laboratory demonstration of the elec¬ 
tromagnetic waves predicted by James 
Clerk Maxwell years before. Obsessed 
with the idea of using the Hertzian 
waves for long-range communication, 
Marconi came back to Villa Grifone, and 
his mother set aside two large rooms 
for his work. 

Many others were treading the same 
irregular path. But the skeptical senior 
Marconi began to support ihe work se¬ 
riously once Gugliclmo had managed 
to send messages over the hill behind 
the villa, a full mile. Family British con¬ 
nections were drawn upon; nowhere 
else could be so favorable as that flour¬ 
ishing, far-flung and maritime empire. 
In June 1896 a first English patent ap- 
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plication had been lodged; by March 
1899 the English Channel was spanned, 
and in December 1901 the three dots of 
the Morse letter “S" were picked up by 
Marconi across the ocean in Newfound¬ 
land from the high masts of his power¬ 
ful transmitter in the west of Cornwall. 
By 1904 the Marconi firm had its equip¬ 
ment on 124 vessels and 69 shore sta¬ 
tions. In 1912 wireless saved those 700 
persons who had reached the lifeboats 
of the sinking Titanic , including one of 
the two very young Marconi officers 
who had kept sending their SOS calls 
until seawater stopped the generators. 
In this uncommonly intimate history, 
we share a personal pilgrimage through 
the photographs of locales the author 
has painstakingly revisited: old facto¬ 
ries, isolated lighthouses and radio tow¬ 
ers and museums. Jensen is an Austra¬ 
lian architect, long a keen radio ama¬ 
teur, who still fires up his portable 
transceiver at many of the places he vis¬ 
its. Half the book sets out in detail how 
Jensen and his friends have built work¬ 
ing replicas of the marine radio of Mar¬ 
coni’s days, the high-voltage coil of very 
fine wire potted in wax, the curious de¬ 
tectors, the entire intricate system of 
brass and mahogany accessories. It is 
late Victorian electrical engineering at 
its best, lovingly rebuilt from the junk 
boxes, garage sales, plumbing suppli¬ 
ers and old cinemas of Sydney. 

Marconi, a systems engineer like the 
brothers Wright, had a profound feel¬ 
ing for the whole. He improved the 
Hertzian scheme in every clement, guid¬ 
ed by intuition and insightful trial and 
error, long before the physical basis for 
his apparatus was known in detail, Jen¬ 
sen plausibly suggests that the first 
transatlantic contact may even have de¬ 
pended on the harmonics of the spark 
transmitter in Cornw'all reaching the 
untuned receiver overseas, more signal 
coming by short wave than by the nom¬ 
inal frequency near one megahertz! 
Plainly a careful test and reenactment 
should mark the centenary of that first 
radioed “S ” in 2001, aided by the devot¬ 
ed radio amateurs {and the television 
producers) of out well-linked world. 

The Klutz Book of Magnetic Mag¬ 
ic, by Paul Doherty and John Cassidy. 
Klutz. Press, Palo Alto, Calif,, 1994 (spi- 
ralbound, $ 11.95, with magnet kit), 

A clever kid named Albeit Einstein 
remembered all his life his first 
L encounter with a magnetic com¬ 
pass; something hidden, he thought, is 
within things. Not just for Einsteins— 
they are too few to make a market—but 
for all curious girls and boys, this book 
offers essential magnetic experience, 


wrapped in tricks and games and neat 
writing. 

Five ceramic doughnut magnets, a 
magnetic pill to fill each hole, and a steel 
cover page to act as game target and 
storage space supply the experience of 
a force field {the steady pull of gravity 
being too ubiquitous to make its equiv¬ 
alent nature clear). An empty air space 
houses a strong push or a strong pull 
between your magnets, and the insta¬ 
bilities that result from combining 
magnets are set forth for many a kid to 
exploit as magic. Item: the vapor coin. 
Using a special coin, you can cause a 
quarter to fall through a wooden table- 
top, once you nourish “a fine clear-eyed 
ability to tell enormous lies" and some 
modest hand skill. 

There are a score more of such fun 
setups, such as the much simpler air 
pudding and the basic coin-in-ear, 
Teacherly adults—your reviewers ad¬ 
mit to a controlled but chronic case of 
pedantry—will admire even more the 
straight physics dished out in witty 
and flippant guise: a marvelous 
north-seeking banana, magnetic 
boats, shishkebabbing rings bouncily 
floating on a penal, and lots of sur¬ 
prising jumps and pop-ups. The 
special coin supplied is a real 
mint-condition Brazilian 50- 
centavos piece; if you want to 
know how it is special, think it 
over, or buy the book. 

Fly the Hot Ones, by Steven 
LJndblom. Houghton Mifflin 
Company, 1991 (paperbound, 

$6.95). 


a jungle gym of clipped tubing and taut 
wires, and a snowmobile engine up 
front. It is superb engineering close to 
a minimum, ready to take off after an 
80-foot run. What is it like to fly an ul¬ 
tralight? Imagine telling your little 
brother. First sit him down in an alu¬ 
minum lawn chair. “Next you walk... 
behind it...begin making engine nois¬ 
es, then lift it into the air and race 
about the yard, banking the chair and 
its passenger from side to side as you 
turn. 11 In real life, nothing but fresh air 
in front of you, you fly for half an hour 
all around the patch and up to 2,000 
feet high. When the tank nears empty, 
you touch down easily on the grass that 
you can see slipping backward below 
your legs. 

Now wearing the G suit required of 
the pilot of the F-16 Fighting Falcon 
U.S.A.F. jet fighter, aloft and “flying by 
wire,” every one has to try one or two of 
its celebrated tricks. Level off, pull back 
on the stick and “punch on the after¬ 
burner." Five jolts mark each stage as 
it comes on, until for a few seconds 
you are rising straight up! “Held up 
by the sheer power of the engine," 
the airplane loses airspeed down 
to 350 knots. High time to level 
off and ease the throttle back to 
"Max Conserve cruise.” 

Each airplane is presented in 
a color photograph page, and a 
number of interesting detail 
photographs and diagrams add 
understanding. What is reviewed 
is only the half of it; a dozen pag¬ 
es report this pilot's flight in each 
of the airplanes he flew. 


T he half-angelic skill of 
airplane pilot holds ap¬ 
peal to many who will 
never become adepts and 
irresistibly beckons others. 

This book, newly in paper¬ 
back (1995), is an informal 
set of conversations with an 
articulate pilot who has hap¬ 
pily flown his choice of eight 
aircraft, large ones and small, 
old designs and new. The air¬ 
craft here, he thinks, are all ex¬ 
tremes, “pushing the envelope” 
in one way or another. Never 
mind that one is a Piper J-3 Cub and 
another a P-5 ID Mustang. They all have 
the same basic controls. As he flew the 
Cub, “small, old-fashioned, and slow,” 
made of steel tubing and fabric, he 
heard again in memory the voice of his 
first instructor as she screamed at him 
so many times when landing, “You 
can't stretch a glide." Still can't. 

The Quicksilver Sport Ultralight has 
a high, red-cloth-covered wing, held on 



Imagining the Universe: A Vi¬ 
sual Journey, by Edw r ard Pack¬ 
ard. Perigee Books, Berkley Publish¬ 
ing Group, 1994 (papeTbound, $15). 
Looking Down, by Steve Jenkins. 
Houghton Mifflin Company, 1995 
($14.95). Earth from Space. 
Text by Amy Leventer and 
Geoffrey Seltzer. National 
Audubon Society Pocket 
Guide, Alfred A. Knopf, 
1995 (paperbound, 
$7.99). 

n these disciplined, 
black-and-white 
computer images, 
Edward Packard’s fancy opens with a 
view of this round earth nestled into 
the bowl of Candlestick Park. Accept¬ 
ing the change of scale implied, the 
reader embarks on a journey past the 
orbits of the planets on a map of the 
surrounding territory. The whole earth 
will not quite cany the orbit of Mars at 
this model scale. 
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Then shrink the earth from ballpark 
size do™ to baseball. Now the orbit of 
Uranus maps out across the Golden 
Gate, and Pluto lies 20 miles to sea. The 
stars are still much too far; a map of the 
entire world would not be big enough. 
Shrink once more, the earth to a grain 
of sand. Now we can fit in the stars we 
know. But to get the Milky Way on pa¬ 
per, the sun must be shrunk down to 
sand-grain size. That map reaches our 
Local Cluster, but no farther. To show 
the true realm of the galaxies, the solar 
system as a whole must be scaled do™ 
to a bit of sand. We move across page 
after page of pure black, the author’s 
signal of uncertainty. He begins the 
voyage again, now inward. We expand a 
baseball first to the size of the ballpark 
and then to the size of the earth's solar 
orbit. A proton becomes a half-inch 
mark on home plate. 

A final chapter voyages in time to 
cosmic past and future. Now the scale 
is fixed by thinking of an arrow in very 
slow, steady motion, a mile every mil¬ 
lion years, an atom's diameter each sec¬ 
ond, as it flies toward and past the ball¬ 
park. The arrow is now over home plate. 
It began its journey when the hot cos¬ 
mic gas first expanded, corresponding 
to a starting point beyond the geosyn¬ 
chronous satellites. It will exhaust the 
expected lifetime of our sun just as tt 
again leaves the earth. This is a fresh 
way to introduce cosmic scale, with 
models that do not depend on the iter¬ 
ation of numerical factors but rather 
on mappings that are visualizable, if 
not always very natural. 

Steve Jenkins gives us an astronaut’s- 
eye view as he comes to the earth under 
perfect control. In colorful full-page col¬ 
lages, we begin with a view of the earth 
and its moon seen beyond some aster¬ 
oid, then arrive in a dozen or so excit¬ 
ingly closer steps, to find a ladybug 
through a magnifier in the hand of a 
kneeling boy in his front yard within a 
to™ on the East Coast of the U.S. Wide 
open to younger readers, this visual 
book needs only the two words of the 
title as text for the entire journey, and 
only three lines more to close. 

About the size of your hand, the 
Earth from Space pocket guide 
offers about 80 spreads, 
each a page of geograph¬ 
ical text with guide map 
and a false-color pic¬ 
ture taken from space 
orbit. See cities by day 
and night, canyons 
and rivers, deserts and 
snowy peaks, atolls, 
lakes and seascapes, gla¬ 
ciers and polar ice. All are 
here, and well indexed, from 


the Adrar Plateau to Zimbabwe's Great 
Dyke. The book has wider views, too, of 
individual continents and of the whole 
earth to help young geographers. Es¬ 
says of a few pages review some major 
topics, such as plate tectonics and the 
water cycle. The pictures are not large 
ones, but a better bargain of a compila¬ 
tion is not to be found. 

Sizes: The Illustrated Encyclope¬ 
dia, by John Lord. HarperCollins Pub¬ 
lishers, 1995 (paperbound, $15). 

T hings here means mainly items 
you can buy, described along 
with their commercial attributes. 
Dinosaurs rate a few lines, stars half a 
page, wind forces two pages, but 18 
pages and many diagrams catalogue 
screws—their sizes, threads 
and all the novel screwheads 
that have evolved out of the 
simple screwdriver slot. The 
information has been sifted 
out of a pile of narrowly au¬ 
thoritative documents by a 
tireless and cheerful compiler. 

The 350 pages are illustrated 
mostly by simple line drawings 
and silhouettes. The staccato 
pace of alphabetical order is 
relieved by a few r 
thoughtful essays 
on topics such as 
time, the meter and the 
history of U.S, weights and measures; 
the text is written well enough to earn 
the edified browser’s trust. 

Want to buy a thimble? A medium 
thimble goes as size 10 in the US. and 
in France, but not everywhere. (A ring 
fitted to the same finger would be a 
size 5 in the U,S.) Recognize a category 
3 hurricane? Choose an oar to fit your 
rowboat, or a hitch to suit your trailer. 
Learn the notes reached by singers from 
soprano to bass. Lay out a proper place 
for badminton, baseball, basketball, 
skeet, soccer, softball, shuffleboard or 
tennis. Grasp the dozen meanings for 
11 ton,” Among canned whole ripe olives, 
the supercolossal grade must run few¬ 
er than 33 to the pound. Six terms for 
relative hotness of peppers in 
the Nahuatl tongue accom¬ 
pany the table of hotness 
measured in Scoville 
units, alas, without con¬ 
version factors. 

This is a book full of 
lasting utility, lots of 
fun for good readers 
and their classrooms. 
(A very few matter-of- 
fact sexually related en¬ 
tries may be rather frank 
for young readers.) 


Smithsonian Visual Timeline of In¬ 
ventions, by Richard Platt. Dorling 
Kindersley, 1994 ($16,95). 

A cross about 55 large pages march 
some 400 photographs of widely 
JL JL differing sizes and scales, most 
in color, presented as sharply cutout im¬ 
ages against a white ground, rather like 
butterflies pinned in a museum case. 
Indeed, these pictures are mainly from 
the museums of science where the ob¬ 
jects are held. 

The first half of the book runs from 
600,000 b.ce. up to 1780, the latter half 
on to the 1990s, with a page of “future 
trends. 1 ' Each photograph, From hand 
ax to Game Boy, is keyed to a date, and 
the six or eight photographs on a page 
are set into four rows by broad topic. 
This disciplined style aids the 
reader to appreciate the logi¬ 
cal structure of technological 
change; one look at a page and 
its epoch is suggested. Hand 
grinders for grain must precede 
electric eggbeaters. A parallel 
timeline at page bottom shows 
thumbnail sketches and brief 
comment on world context. 
.4s time goes by, you see the 
Trojan Horse, Florence Night¬ 
ingale and Martin Luther King, 
Jr., among 100 other 
tiny images, chosen with 
clear sympathy for the 
historical underdog. 

So rich a diet is to be sampled, and 
not gobbled down. The first printed 
book page is here, if shown very small: 
the frontispiece to the Diamond Sutra, 
block-printed in 868 c.e There are some 
welcome novelties, such as the Indian 
origin of sugar refining, the Chinese pi¬ 
oneering of many innovations, includ¬ 
ing the wheelbarrow, paper, priming, 
gunpowder and the canal lock. The first 
parachutist is not forgotten* nor the as¬ 
pirin chemists* nor the invention of the 
cathode-ray tube. Credit for the mag¬ 
netic compass is here shared between 
China and Arabia. The foreword makes 
quite clear that ascribing inventions is 
no simple or firm matter. This book is 
an asset for families, classrooms and 
libraries. 


Living Things 

Pond Lake River Sea, by Mary jo K och. 
HarperCollins Publishers, 1994 ($28). 

T his watery book immerses you. 
Every one of six dozen page 
spreads is an inviting watercolor 
over a wide range, profound or joking, 
dazzlingly evocative of nature or styled 
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in allusion. There is always a fresh, 
hand-lettered text- Few books arc so 
single a work of art. 

Its topic is life in the waters. A second 
theme is what people have made of 
what they found therein—their myths, 
food and science. The author's perspec¬ 
tive is in part direct; many of the im¬ 
ages show that she has watched what 
she paints. Some topics are didactic, 
telling you a string of wonders from 
the books, and a little is Maryjo Koch's 
opinion, never hidden. 

Fifteen lines of text describe Louisi¬ 
ana crayfish and Atlantic lobsters as 
Cajun cooking and as cheap and mo¬ 
notonous fare for the convicts of 19th- 
century Maine. The facing page has a 
beautifully painted external view of a 
dissected lobster, not red but dark as 
seawater, the parts of one side neatly 
arrayed and labeled. A sentence about 
hunter and humed winds around a 
marvelous image of a Rounder, shown 
against a ground of myriad sand grains 
red, black, yellow and gray. The oval 
creature is both obscured and plain. 

A dozen squares of color present con¬ 
vincing renderings of magnified skin 
and scales, from gray shark to blue- 
dotted coral trout. The text adds more: 
crystalline platelets of guanine reflect 
to provide “the flashy silver appearance 
of the archetypical fish,” sometimes cre¬ 
ating "a magical interplay of hues" by 
optical interference. “Fish, like artists, 
know r that black and wliite stripes make 
a strong statement,” and Koch paints a 
dozen disparate fish of that knowing 
sort. 

The fortunate reader might be any 
young person with the skill to read it, 
the patience to read slowly and the de¬ 
sire to think about it all, probably 12 
years or older. 

Science on the Ice: An Antarctic 
Journal, by Rebecca L. Johnson. Lemer 
Publications Company, 1995 ($25.50). 

n snow sunlit to the far hori¬ 
zon, a stout copper stake and 
an American flag mark the 
very spot of the South Pole itself. 

A newcomer, such as writer Re¬ 
becca L. Johnson, is properly sur¬ 
prised to see a long, straight line 
of such copper stakes, about 30 
feet apart, running out some dis¬ 
tance from the one that bears 
the flag. In fact, every spring a 
new stake is driven in to mark 
the new' Pole position. The Pole 
hardly moves, hut that icy, white 
landscape is drifting as a 
whole. 

It takes three hours to fly 
the 900 miles from the big 


U.S. base at McMurdo Station on the 
sea ice up to the high polar plateau. 
The American-operated Amundsen- 
Scott South Pole Station is home to 
only 20 brave people during the six iso¬ 
lated months of night, but during sum¬ 
mer sunshine 100 men and women, 
scientists and supporting staff, crowd 
south to work. Life-giving power and 
heat come from jet fuel. A thousand 
tons is flown in annually, and a year's 
supply is stored in big rubber bladders. 
On hand is a year's supply of food, too. 
One walk-in refrigerator keeps the 
“freshies," fruit and vegetables. “Unlike 
most refrigerators, though, this one is 
heated. 1 * This station is celebrated the 
Pole around for the good food served 
in its warm, cozy, cheerful galley, while, 
outside the wind blows steady and 
strong, even on a summer day at a 
mild -50 degrees Fahrenheit. 

The Pole's people survey the ice, the 
atmosphere and beyond. High above is 
the ozone hole. In the sky, stars circle 
forever without ever rising or setting. 
Snow and ice, dry, thin and dust-free 
air, the colorful aurora, cosmic radia¬ 
tion and infrared from the deep 
skies—for these the Pole offers unique 
opportunities. Nine of the author's 10 
chapters report in lively words and her 
own photographs what she saw and 
did as she went in red down parka and 
w'hite "bunny boots” far around coastal 
McMurdo, with the busy biologists and 
geologists who sample, map, count, 
measure, track and come to admire all 
they study. Hers is a modem adven¬ 
ture, full of tracked vehicles, heli¬ 
copters and radio. "On cloudy days, w^e 
had to use batteries if we wanted mu¬ 
sic"; no solar power for the Walkman. 
But cold batteries lack power. “Our so¬ 
lution was to heat them up 
carefully in a frying pan." 

Yet these light-heart¬ 
ed people dare not ig¬ 
nore the constant risks 
of a frozen and dangerous 
w r orld in which they are 
trained, equipped and 
linked in teams to sur¬ 
vive. The challenge of 
the environment and 
its superbly adapted 
wildlife—the codfish 
with antifreeze blood, 
the offshore Weddell 
seals that all winter long 
gnaw breathing holes 
through a layer of ice 
yards thick, the rich sea- 
bottom life below the ice, 
even crowds of little pen¬ 
guins in black tie—inform 
this knowing story, open to 
any good reader. 




Big Bugs, by Jerry Booth. Illustrated by 
Edith Allgood. Harcourt Brace & Com¬ 
pany, 1994 (paperbound, $14.95). In¬ 
sects, by Laurence Mound and Ste¬ 
phen Brooks. Dorling Kindersley, 1995 
(pocket edition, $5.95). 


T he bugs are indeed drawn big, a 
dozen of them shown eight or 10 
inches long, mostly in black-and- 
white. Those portrayed include a little 
black ant and housefly, field cricket 
and June beetle. The specific names 
signal the nature of this , 
large-paged, ambitious 
book. The drawings ^A 



are not merely 
for visual effect; each is flanked by a 
few' big spreads that generally but effec¬ 
tively describe common related forms 
and outline physiology', behavior, habi¬ 
tat and life cycle, assisted by many col¬ 
or drawings and diagrams. 

The book’s higher aim is action. Near¬ 
ly every text treatment includes some 
task of observation, craft or husbandry', 
intended for kids in the upper primary 
grades who may be hooked on bugs. 

You can cut out colorful face masks 
and play giant hornet or Jerusalem 
cricket with long antennae. Most un¬ 
usual, not to say "gross" in classroom 
vernacular, is a serious page on eating 
insects. You can buy a cupful of live 
crickets at the pet shop and follow' the 
recipes given to prepare crunchy Cajun 
crickets or "chocolate chirpies." Cook¬ 
book references are included. A still 
more challenging task detailed here is 
beelining, the old countryman's craft 
for following nectar-collecting honey¬ 
bees and bumblebees back to their 
homes. This seems a long and delicate 
task for kids, here encouraged not to 
rob the nest but to study its dwellers. 

The second book—it is five inches 
high—is one of a long series, tiny bar¬ 
gain handbooks dubbed “pockets full of 
knowledge." This one is a readable, well- 
illustrated introduction to insects, with 
small color images. It offers a couple of 
dozen spreads on evolution, classifica¬ 
tion and the biology of the phylum, as 
well as another 40 spreads on particu¬ 
lar examples, arranged by habitat, from 
temperate woodlands to the garden. 
There is a spread on insect-rearing proj¬ 
ects here, too, but no recipes. 
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Discovering Dinosaurs in the Amer¬ 
ican Museum of Natural History, 
by Mark A. Norell, Eugene S. Gaffney 
and Lowell Dingus, Alfred A, Knopf, 
1995 (S35). 



M any of this year's dinosaur 
books present the beasts 
mainly visually for readers of 
almost any age. The colored, patterned 
reconstructions are vivid, based on 
pleasing analogy with birds and liz¬ 
ards—alas, all guesswork. Probably 
there were many colorful dino spe¬ 
cies, but from 
fossil re¬ 
mains and 
casts alone 
we cannot say 
which monsters 
were brilliant as 
toucans, which 
drab as crows. 
We might tolerate 
more guesses if a 
admitted doubt, but 
such qualifications are usually want¬ 
ing. Fancy images and animated mo¬ 
tions have carried dinosaur hype to 
flood height. An effort at judicious re¬ 
straint is welcome; here it is, in a text 
centered on family reading, but open 
to kids in the higher primary' grades. 
These three New York paleontologists 
have led the work on the large new Halls 
of Dinosaurs installed this year. The 
first dino fossils that came to their mu¬ 
seum arrived a century' ago. We see that 
big Diplodocus femur being dug out of 
the Wyoming hills by two celebrated 
predecessors of the present authors. 
Plenty of fine pictures of fossils, tracks, 
casts and older graphics till the well- 
written, well-designed volume (which 


could have used a fuller index). 

Almost the first half of the book is 
organized as very readable question- 
and-answer essays. Nearly as many 
more pages present the many exhibits 
now in the museum hails, one of the 


most interesting being the many large 
footprints of the PaJauxy River Track¬ 
way, The last part of the book records 
five dinosaur expeditions of the muse¬ 
um. Roy Chapman Andrews, then an 
American Museum of Natural History 
star, explored the Gobi for dino bones 
in the 1920s, found eggs as well and 
may be seen as a major source for the 
romantic film hero Indiana Jones. The 
senior author of this book returned to 
the Gobi sites between 1991 and 1995 
in partnership with the Mongolian Acad- 
emy of Sciences. The newer finds show 
a small dinosaur found by Andrews 
near a nest to be more likely a parent 
than a predator: the eggs were of its 
own species! Oviraptor was most likely 


not the “egg stealer" of its Latin name. 

No way are these authors mere stick- 
in-the-muds. They offer fresh, compel¬ 
ling arguments that dinosaurs include 
both Tyrannosaurus rex and modern 
birds. Birds retained dinosaur forelimb 
structures, but at last they invented 
feathers. Our ostriches and canaries are 
the last dinosaurs. 

Around the glossy jacket of this in¬ 
structive book runs an extended image, 
a skeleton with skull, spine and tail 
aligned and high. It is the real T. rex, 
colors unknown. Not for the youngest 
readers, this hook will enrich any oth¬ 
ers who are hooked on dinosaurs. 

Some Body! by Pete Rowan, Illustra¬ 
tions by John Temperton. Alfred A. 
Knopf, 1995 ($20). 

T he oversize pages are fully justi¬ 
fied by the opportunity to dis¬ 
play drawings of the human body 
at life size. The reader served here is a 
high school biology student or anyone 
older who wants a good look at the 
classical macroscopic anatomy. A fold- 
out offers a remarkable panorama of 
the wliolc bony leg, from toe to pelvis. 
Even more striking perhaps is the full- 
size fetus close to term, seen afloat 
within the womb. The skillful illustra¬ 
tor works in a valuable tradition, 
color paintings softened from 
the hardness of the cadaver 
to mute their impact on 
the inexperienced. But it 
is all here, big as life, 
along with the 
mapped systems of 
lymph and lungs, 
the cutaway heart, 
liver and other or¬ 
gans—even a dis¬ 
torted body drawn 
with surface regions 
sized in accordance with their cerebral 
motor areas, showing the sense organs 
unexpectedly magnified 
An original style of annotation works 
extremely well, especially for this youth¬ 
ful audience. It is based on the wildly 
popular Guinness Book of Records. Most 
of the drawings are keyed and labeled 
with any superlatives that may apply, 
half a dozen a page, each accompanied 
by a few lines of explanatory text. The 
largest nerves in the body are the two 
sciatic nerves, the greenest substance in 
the body is the liver’s bile (it "looks like 
motor oil”) and so on. These reviewers 
were delighted to learn that the smallest 
muscle—the stapedius—is “ a tenth the 
size of a flea." Within 40 milliseconds, it 
can move to limit excessive sound sig¬ 
nals to the brain by modifying mechan¬ 
ical contact among the tiny earbones. 


The English author-illustrator team 
has walked a surprisingly fresh route 
dowTi a very well traveled trail. 

Symmetry and Perception 

The Crocodile and the dentist, by 
Taro Gomi. MBIbrook Press, Brookfield, 
Conn., 1994 ($14.40), 

I really don’t want to see him...but 
I must.” We sympathize with the 
brown crocodile, his four large, w r hite 
teeth showing, as he stands in front of 
his dentist's office. W I really don't want 
to see him, but I must," says the green- 
robed dentist at his desk, the croc's 
shadow on the office door. We sympa¬ 
thize with him, too, for the crocodile’s 
toothy mouth is big enough to engulf 
hand, drill and all. “I must be brave," 
both say. The croc can’t help closing 
down when the dentist can't help en¬ 
tering that back tooth. Two speak the 
same words: “ouch! What an awful 
thing to do. But getting angry won’t 
help." It all ends happily. After they 
part with polite bows, each murmurs: 
"I don’t really want to see him again 
next year." There is a way: the croc 
must recall just what the dentist says 
about brushing teeth. 

The strong, broad drawings are 
Funny, and the near perfection of 
this endearing human symme¬ 
try elevates this tale by a 
Japanese artist for young 
readers straight to math¬ 
ematical glory. 

Colors Everywhere, 
by Tana Hoban. Green- 
willow Books, 1995 
($16). Everyday Mys¬ 
teries, by Jerome Wex- 
ler. Du t ton Children’s 
Books, 1995 ($14.99). 

H ere are two books of pictures by 
two photographers well recog¬ 
nized for their artful use of eye 
and lens to challenge and delight the 
eye and the mind. Tana Hoban shows 
us images ablaze with color, whether a 
jar of jellybeans, a macaw, a many-blad- 
ed plastic whirligig, a tangle of netted 
balloons or a child in a rainbow domino 
mask. Next to the photograph appears a 
striped bar in the image’s hues, widths 
roughly proportional to each color area. 
This analytical device, not unlike the 
computer-generated histograms that 
guide printers, is a surprise. Hoban’s 
book as usual is wordless, save for a fi¬ 
nal page identifying this Paris artist— 
the abstract sample somehow r strength¬ 
ens and makes memorable our view of 
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these scenes, probably even for the 
youngest who look at them. It took only 
three hues to evoke a glorious sunflower. 

Jerome Wexler’s book has a few pag¬ 
es of text, setting explicit problems for 
good young readers, but it is perhaps 
not for the very youngest. They whl see 
magnified parts, surfaces, edges, cross 
sections and silhouettes in color pho¬ 
tographs of familiar objects. These may 
appear quite unfamiliar, everyday mys¬ 
teries of abstraction. (Each complete ob¬ 
ject is rendered in a small image at the 
end of a section.) The Jack of Hearts is 
hard to recognize by his elegant midriff 
alone. A waffle can be named from a hit 
of its coffered surface, but a strawberry 
seen at high magnification is a seedy 
puzzle. The edge of a dime is easier to 
make out than a key shown against a 
strong yellow ground. This good-look¬ 
ing book amuses again and again, even 
when you can recall the object. 

Re-zoom, by Istvan Banyai. Viking Pen¬ 
guin, 1995 ($13.99). 


COMMENTARIES 

CONNECTIONS 

by James Burke 

Top to Bottom 



T he other day I came yet again 
across that expression most of¬ 
ten attributed to Sir Isaac New¬ 
ton (and overused by people like me) 
to describe the process of technological 
advance: 41 If I have seen further...it is by 
standing on the shoulders of Giants.” 
Well, maybe. But I like to think ordi¬ 
nary buffoons have a part to play, too. 

I have in mind the sad case of an 
archetypal English eccentric, the 18th- 
century admiral of the English Fleet who 
rejoiced in the name of Sir Cloudesley 
Shovel. Shovel has two claims to a place 
in the great web of change. One is that 
he invented the “Shovel wig," a full-bot¬ 
tomed creation (it fell and draped over 
the shoulder) about which it was re¬ 
marked at the time that it looked like 
"nothing so much as a loaf of bread on 
the head.” Shovel wigs were so expen¬ 
sive to buy and maintain that their rich 
owners were called “bigwigs. 111 

Shovel's greater claim to fame is that 
he drowned. But he did so in a manner 
so spectacular as to kick off a chain of 
events that would end up with one of 
those essential products of technolo¬ 
gy without which the modern world 
wouldn’t be the nice place it is. 

Shovel drowned because, as I said, he 
was a pompous buffoon. One nasty 
night in 1707, while bringing his fleet 
back from Gibraltar, in spite of having 
no idea wliere he was and being sur¬ 
rounded by thick fog, he pressed on, 
dead ahead. Unfortunately, he was a bit 
too dose to home (in this case, the 
southwest coast of England), so he hit 
the rocks. Everything w r ent to the bot¬ 
tom: fleet, 2,000 mariners and Shovel. 

Now, too many ships w r ere being lost 
just like that because they were lost, 
like that. But with the highly profitable 
American colonies waiting to be exploit¬ 
ed, this was a prime time for investors 
to sink their money into transatlantic 
transportation that wasn’t sinking. So 
a very large prize was offered to any¬ 
body who could come up with safer 
ways of getting places. And back. 

In 1764 a clockmaker called John Har¬ 
rison provided a timdy solution. The 


navigational problem centered on the 
fact that on an earth that rotates 100 
kilometers (or one degree of arc) every 1 
four minutes, true noon—the moment 
when the sun is highest in the sky— 
happens four minutes later for every 
100 kilometers you travel west of your 
home port. And vice versa. So knowing 
the exact time back at home will tell 
you how late (or early) the sun is at the 
place where you are. Simple multiplica¬ 
tion will then tell you the number of 
kilometers east or west to which that 
time discrepancy corresponds. 

Harrison observed, perspicaciously, 
that pendulum docks wouldn't be of 
much hdp on a constantly swaying ship, 
so he used a spring. At one end of his 
(amazing, new) steel dock spring, he 
put a tittle brass slider, so that in the 
various weathers encountered along 
the way, the brass would expand and 
contract just enough more than steel 
did (in the ratio 3:2) so as to keep the 
expanding and contracting spring the 
same length, whatever the temperature. 
Harrison’s chronometer lost only 1 5 sec¬ 
onds over a trip to the Caribbean and 
back. Because the earth rotates seven 
kilometers in 15 seconds, that accuracy 
meant that you could use the location 
of the sun or stars to hit a spot accurate 
to within seven kilometers of your home 
port. So, no more wrecks. Well, few r er. 

Harrison’s clock spring w r as amazing 
and truly new, thanks to the work of 
another clockmaker, Benjamin Hunts¬ 
man, who had recently noticed some 
giassmakers taking bits of old, broken 
bottles, remelting them at high temper¬ 
atures and coming up with glass that 
was dearly superior. Back in Harrison’s 
day, conventional steel w^as no good for 
springs, because it was too brittle. 
Huntsman's trick was to concoct a mys¬ 
tery ingredient (he never did reveal the 
secret) that he added to clay to make 
crucibles that could withstand the fan¬ 
tastically high temperatures without 
which people couldn't re-melt the old 
kind of steel into a stronger, more re¬ 
silient form. Now, using Huntsman’s 
crucible, they could. 


A book free of words opens with a 
/ V close-up of a rock painting. Soon 
1 1. that is seen to he drawn on an 
enviable wristwatch worn by a young 
streetwise archaeologist, who is busily 
making a rubbing of hieroglyphs on 
the wall of a deep shaft that somehow 
ends up in a subway car that we watch 
diminish into two red lights as it moves 
off into a dark tunnel. Is that Einstein 
sitting a few seats away from the boy 
reading the comic book? Within this 
chain are linked many images: the Paris 
obelisk under the floating Goodyear 
blimp, the palms in the TV studio, the 
elephant bearing .Alfred Hitchcock and 
a stout blue Krishna, and that caravel 
at sea. Are they all in the boy’s comic 
book? 

Perhaps. The idea of successive zooms 
that search the earth, the microworld 
or the galaxies is here 
turned a little 
awry. An imagi¬ 
native New York 
City artist has 
wittily exploited 30- 
plus zooms upon zooms to 
take us on his wordless journey 
among representations of repre¬ 
sentations of the world—detailed, 
colorful, plausible and surprising. 
What, where and how are open to 
debate after a nifty trip across thin 
IHh The book is thoughtfully cata¬ 
logued by the U.S. library of Con¬ 
gress as 'Visual perception—fiction" 
But is not every book and picture, 
even those that attempt nonfiction, 
only a representation? 

Perhaps. 
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Huntsman's steel was also so tough 
that if sharpened, it could cut iron like 
cheese, which was the lifelong ambition 
of an obsessive ironmaker, John Wilkin¬ 
son. He made a set of iron coffins (three 
for himself, the rest offered as gifts to 
friends), built an all-iron church, paid 
his workers in iron money and slept 
with an iron ball in his hand, (The last 
was so that when he dreamed of a good 
idea he would twitch, the bah would fall 
and wake him up, so he could make a 
note of the idea and go back to sleep.) 
In 1774 Wilkinson used Huntsman's 
steel on the cutting head of a new cylin¬ 
der-boring machine. It could cut metal 
so precisely that Wilkinson was able to 
make the kind of piston cylinders James 
Watt needed, accurate to "the thickness 
of an old shilling," Watt was then able 
to use those same cylinders to drive his 
own {first ever) steam-powered blast 
furnace. Hence the Industrial Revolution. 


A nd then, the one in France, Because 
/\ the other thing Wilkinson's gizmo 
could do was bore out cannon barrels 
that were thinner and more precise than 
those that came before, so precise that 
they were interchangeable. Disguised as 
"iron piping,” these barrels were smug¬ 
gled to France (with whom England was 
at war); the new barrels made possible 
the development of horse artillery be¬ 
cause of their light weight. 

This last feature gave added value to 
the work of a French military type 
named Jean-Baptiste Vaquette de Gri- 
beauval, inspector general of artillery, 
for whom Wilkinson made his barrels 
(his other customers were the Turks 
and Americans, both of whom the En¬ 
glish were also fighting at the time). 
From 1776 on, Gribeauval had begun 
the total reorganization of French ar¬ 
tillery, reducing to four the many differ¬ 
ent calibers of gun and standardizing 
everything from ammunition to gun-car¬ 
riage wheel size. Thanks to Wilkinson, 
he now had mobile weapons that could 
be rushed from place to place in battle. 
This was an unheard-of way to behave. 
Camions were supposed to take all day 
to position and then all the next day to 
move again. So Gribeauval's movable 
guns changed the face of war and (when 
the idea was taken up enthusiastically 
after 1792 by an ex-artillery officer and 
innovations freak called Napoleon Bo- 
naparte) the face of Europe. 

In 1810, once Napoleon had used Ms 
English cannons to good effect and was, 
as a result, comfortably ensconced on 
the imperial throne, he decided to drag 
French industry into the 19th century' 
by motivational means, offering prizes 
for inventions by Frenchmen. His grand 
plan was to make France militarily in- 
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dependent, so that the next time he 
fought, his materiel would be as French 
as was the word For it. Initially, there¬ 
fore, it may seem odd that one of the 
first prizes to be awarded went to a 
guy called Nicolas Appert, who bottled 
champagne. But Appert, realizing that 
no army marches on its stomach quite 
like that of the French, sealed vegeta¬ 
bles in some of Ms bottles and stuck 
them in boiling water for several hours, 
thereby killing the germs he didn't 
know existed. Months later the French 
military (actually the navy; in the Carib¬ 
bean) opened his bottled veggies and 
declared them to be as good as fresh, 
the answer to scurvy and, in terms of 
supply logistics, a quartermaster's 
dream. 

A Little later, in Paris, some passing 
Englishmen happened on Appert 5 s bot¬ 
tling patent and bought the rights. Be¬ 
cause one of these men had a pal who 
owned a tin-making outfit, they switched 
containers from bottle to can. Which is 
why we have canned food today. 

During their patent-acquisition trip, 
however, what should these British in¬ 
vestors also come across but an even 
more interesting improvement to French 
industry. It was an automatic papermak¬ 
ing macMne: pulp was auto-scooped 
onto a shaking, traveling wire mesh, 
passed between felt-covered rollers that 
squeezed out die w ? ater and then hung 
up to dry. The process almost complete¬ 
ly bypassed the human hand. The re¬ 
sult : no more need for all those workers 
(who were running around Europe with 
Napoleon's horse artillery, anyway). 

For some strange reason, the French 
had not picked up on the idea, so the 
English buyers went home with tMs pat¬ 
ent, too. By 1840 automated paper ma¬ 
chines were turning out lengths of ma¬ 
terial that made possible the wallpaper 
w f e all love to tangle with today. .And 
providing opportunities for artists-cum- 
social reformers such as William Morris 
to cover the paper with back-to-rustic 
designs, wMch soon began to adorn the 
walls of every decorous Victorian home. 

Those homes were made more deco¬ 
rous by another new improvement: lav¬ 
atories. Thanks to three cholera out¬ 
breaks (and 100,000 deaths) in England, 
sewers and water mains and sanitation- 
ware (such as flush W.C/s and enamel 
baths) had started appearing every¬ 
where. .And, because of that continuous- 
process papermaking technique from 
France, the socially upwardly mobile 
were now also able to add to their col¬ 
orful and hygienic new' lifestyle one 
final essential: the toilet roll. 

All. *. from the Shovel connection. So 
never mind the "shoulders of giants. 5 ' 
Let's hear it for buffoons. 
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ESSAY 


by James Boyk 


The Endangered Piano Technician 


Asa pianist, I have a recurring 

TV nightmare that the piano will dis- 
JL appear as a concert instrument, 
not because people won't want to hear it 
or play it, nor because fine pianos won't 
be built, but because good concert pi¬ 
ano technicians are vanishing* 

Technicians repair and adjust the 
mechanism of the piano, with its rough¬ 
ly 2,000 moving, vibrating or adjustable 
parts. A concert technician does all this, 
plus tuning, under performance-day 
pressure, while being supportive of the 
artist* This medley of abilities requires 
complete mastery and a special tem¬ 
perament, a combination that is increas¬ 
ingly rare. 

On tour, we pianists take pollock in 
technicians, but when 1 am home l am 
lucky enough to have the services of 
Kenyon Brown. For 25 years, he was the 
Sieinway concert technician here in Los 
Angeles, responsible for pianos used by 
artists from Elton John to Arthur Ru¬ 
binstein, in venues ranging from con¬ 
cert halls to recording studios to the 
Hollywood Bowl. The great Rubinstein, 
who played all sorts of pianos in his ca¬ 
reer of 80-plus years, called Brown one 
of the five or six best technicians in the 
world. 

Brown sees to it that the key mecha¬ 
nism, or " action, 1 ' follows the subtlest 
volume changes and the fastest repeat¬ 
ed notes, that the hammers create a rich 
and clear tone, that the pedals respond 
delicately and work silently, and that 
the tuning is beautiful and stable. He 
also repairs broken strings, tightens 
loose bearings and eliminates buzzes. 

Consider wbat must happen when I 
perform Beethoven's Moonlight Sonata. 
The flowing three-note groups intro¬ 
duce and accompany the famous mel¬ 
ody, which arises naturally from them 
because it is made from their overtones. 
This relationship is heard only if the 
tuning is accurate—as Brown's is. And 
because he knows how to stabilize the 
tuning pins in the laminated pin block, 
the piano stays in tune even as the arriv¬ 
al of the audience makes the hall warm¬ 
er and more humid, and as previous 
works on the program tend to stretch 
the strings with repeated hammer blows. 

Brown may perform any of a dozen 
adjustments to make the keyboard ac¬ 
tion responsive. For instance, the ham¬ 


mers fly free for a fraction of an inch 
before hitting the strings. When this dis¬ 
tance is set just right, playing the mel¬ 
ody's subtle rises and falls feels as nat¬ 
ural as adjusting a light dimmer. When 
it is wrong, the keys feel instead like 
switches: simply on or off, either play¬ 
ing a note or not. 

To make the piano's tone expressive, 
Brown files the crowns and shoulders 
(tops and sides) of each hammer to their 
proper shape if they are worn, fluffs up 
the hammer felt and, if necessary, 
brightens the tone by applying a lacquer 
solution under the crowns of the ham¬ 
mers. Then, during the measurable mo¬ 
ment when a hammer hits the strings, 
its contours and resilience will damp 
ugly harmonics while exciting the right 
ones to give a singing tone* 

Every technician does these things; 
few do them well. When done correct¬ 
ly, work like this spiritualizes my rela¬ 
tionship with the instrument. I have a 
better chance of rising to the heights of 



performance, where the notes are trans¬ 
parent to the music and the music 
transparent to the emotion. Brown cells 
me that a technician "shouldn’t be al¬ 
lowed to do concert work for 10 years,” 
because it takes that much experience 
to be ready; thus, there will never be 
too many fine concert technicians* 

In fact, there is a desperate shortage, 
a crisis that came to my attention when 
Ken Brown moved out of town. Having 
trouble finding his replacement, I con¬ 
sulted a person who works with many 
technicians for a major piano maker. 
He said, 1E I couldn’t recommend anyone 
to you at this point. There are just too 
few of those guys around.” Talking to 
piano professionals around the country, 
I find unanimity on this point. Stein way s 
Peter Goodrich says, "There aren't as 
many concert-level technicians as we 


would like or as concert artists would 
like.” Lloyd Meyer of (recently defunct) 
Mason & Hamlin comments more blunt¬ 
ly, “I think there are very few r in the 
country of the caliber I would want to 
work on my piano.” 

As the current crop of expert techni¬ 
cians retire, they are not being replaced 
at anything resembling an adequate rate. 
Apprenticeship, the traditional training 
system, seems almost dead. The only 
U.S. badidor's-degree program in piano 
technology, at Michigan State Universi¬ 
ty, closed recently when its director re¬ 
tired. At least four other programs have 
shut down in the past few years, and 
none has opened* The four programs 
remaining in the U.S. offer just one or 
two years of training and among them 
graduate only about 30 students a 
year. Because of the lack of well-trained 
technicians, owners may never know' 
the pleasure of a playing a piano that is 
in good shape. 

D oes it really matter if pianos in su¬ 
perb condition vanish, replaced 
perhaps by electronic synthesizers? 
These already seem as numerous as a 
plague of locusts. Unfortunately, they 
sound like them, too. J have never heard 
an electronic instrument on wlucb each 
note was interesting and beautiful, as 
it is on a fine piano. 

This beauty, which entrances novices 
as much as concert artists, combined 
with the piano's ability to play harmony, 
makes it the working tool of all types of 
composers and the optimal teaching 
machine for students. Except perhaps 
for the human voice, the piano has the 
largest and greatest literature of any in¬ 
strument. The life of this literature is 
central to our musical culture and ut¬ 
terly dependent on "oral transmission” 
through performance. 

The importance of the piano techni¬ 
cian can be summed up in a little story. 
One evening, Brown, having prepared 
and tuned Rubinstein’s piano at the 
Los Angeles Music Center, waited in the 
wings in case a problem arose. Greet¬ 
ing Rubinstein after the performance, 
Brown exclaimed, "That was very beau¬ 
tiful, Mr. Rubinstein.” 

Said Rubinstein, "We have made it so,” 


JAMES BOYK is pianist in residence at 
the California Institute of Technology, 
He can also be contacted via e-mail at 
boyk@ccosu n.caltech. edu 
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Mathematica 


THE DEFINITIVE SYSTEM FOR x 

Technical Computation 



“Not merely a product but a re volution " 

— Macworid 

“The importance of the program cannot be 
overlooked " 

—Pilew York Times 


Basic function; Integrated environment for nu¬ 
merical symbolic, graphical computation. Inter¬ 
active programming. 

Users: Scientists, engineers, mathematicians, 
programmers, financial analysts, students. 
Includes all 50 largest U.S. universities. 

Numerical computation: Arbitrary-precision 
arithmetic, complex numbers, special functions 
(hypergeometric, elliptic, etc.), combinatorial 
and integer functions. Matrix opera lions, root 
finding, function fitting, Fourier transforms, 
numerical integration, numerical solution of 
differential equations, function minimization, 
linear programming. 




□ N Li meric®! Computation 

3*70 J 

m>h 

25031555049332416013155719S60S5S49 J 

3ypergeciMtric2Fl[7, 5, 4.1, 3-1] J 

-0,00403761 - 0.0029S663 I 





Symbolic computation: Equation solving, 
symbolic integration, differentiation, power 
series, limits. Algebraic operations, polynomial 
expansion, factorization, simplification. Opera¬ 
tions on matrices, tensors, lists, strings. 



Graphics and sound: 20, 3D plots of func¬ 
tions, data, geometrical objects. Contour, 
density plots, 3D rendering with intersecting 
surfaces, lighting models, symbolic descriptions. 
Color PostScript output, combining and label¬ 
ing, publication quality graphics, animation 
{most versions). Sound from waveforms and 
data (most versions). 

Programming; High-level, interactive, symbolic 
language. Procedural and functional program¬ 
ming constructs. Transformation rules and pattern 



matching- Fully compatible on all platforms. 
No built-in limitations on computation size. 



Bprpyjunming 
log{13 = 0 
log [ e] - 1 

logt*_ y_ J m logrx] *■ logiyj 
log[x_ *n_] s= n log[*} 
log J [i_ j = 1/x (* der tva tIva *) 
log/ : I avers ePtuuc t i on [ log] = exp 
log/: SeriesLlog[x ] . tx_, 1, n_]] : = 

{aC’l) *k/k. (k, 1 , n]] * 
Olx, 13 *(n+lj 




External Interface: Input of data (numbers, 
records, text) from files, programs. Output inTeX, 
C, Fortran, PostScript. Calling of external 
programs and functions. General Math Link® 
interprocess communication medianism. 

User interface: Electronic book interactive docu¬ 
ments mixing text, graphics, animations, calcu¬ 
lations. Graphics, animation, sound interapplica¬ 
tion compatibility. Style sheets, hierarchical 
outlining. Computation kernel can run on remote 
computer (most versions). 

Additional material: Journals, newsletters, 
more than 100 books. Add-on packages, free 
Math Source® 1 electronic resource. 

Versions: Macintosh, Power Macintosh * 
Microsoft Windows, Windows NT ■ MS-DOS * 
IBM OS/2 * Sun SPARC * DEC OSF/1 AXP, 
Open VMS AXP. RISC Ultrix, VAX/VMS * HP • 
Hitachi * IBM RISC - MIPS ■ NEC PC - NEC EWS 
- NEXTSTEP - LINUX • SGI * CONVEX • and oth¬ 
ers, Network licensing available. Student versions. 
Now shipping Version 2.2, 

For the latest information call Wolfram Research at: 

1-800-441-MATH 

(U.S., Canada] 



Wolfram Research 

Fqr inquiries: 

Corporate heedquarTers 

Wolfram Research. Inc. 

tl-217-398^0700: fat 4l-2l?’398-0?4?; emeil: knfo®wn.coni- 
Web: hittpi/Ahww.wri.cam/ 

Europe: 

Wolfram Research Europe Ltd. 

*4JK0)1993-383^00; fax: mm 99M63BQTJ, 
email: 1nfrya113p0@iwn.com 

Asia: 

Wolfram Research Asia Llit (Tokyo office) 

+81 -r:ClJ 3 - 5276 -D 506 r fax: +81 -[ 050 - 5276 - 0509 . 
emeil: infD-a 5 ia@wri. 0 am 

Representatives in ewer 60 counties; contact mam offices 
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THE MOST 
COMPATIBLE 
PHONE. 


IMOKIA 


Send a fax from a parking lot. 
Check your e-mail at a street 
cafe. Browse the Internet in 
an airport lounge. 

The possibilities for cellular 
data transmission with your 
portable computer are almost 
limitless - provided you have 
a Nokia 2110 phone and a 
subscription to a local cellular 
data service. 

With the right accessories, 
your Nokia 2110 will be 
compatible with most of 
today's portable computers 
- from PCs and Macs all the 
way to tiny palmtop organ- 
izers. 

The Nokia 2110. The most 
compatible phone. 


NOKIA 

Connecting People 


Nokia and the Arrows togo are registered trademarks Of Nokia Corporation. 








